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ABSTRACT 
Rare Earth Element Transport in the Yucca Mountain Region 
by 
Liqiong Zhang 
Dr. Zhongbo Yu, Examination Committee Chair 
Professor of Hydrology and Hydrogeology 
University of Nevada, Las Vegas 
 
Dr. Lambis Papelis, Examination Committee Co-Chair 
Associate Professor of Hydrological Science 
Desert Research Institute, Las Vegas 
 
In sync with environmental pollution of solutes in nature, from source, process to 
consequence, geochemical processes (leaching and sorption) and hydraulic 
transportation of the rare earth elements (REEs) have been investigated at Yucca 
Mountain (YM), Nevada. This research includes the leaching behavior of trace elements 
(including REEs) from aquifer rocks, the surface complexation reactions of REEs in 
synthetic groundwater, and transportation of reactive REEs in the local-scale 
groundwater system of YM. This dissertation includes three projects. These studies 
indicate that surface complexation reactions may retard the transportation of REEs along 
groundwater paths in YM, which suggests a similar behavior of aqueous actinides.    
The first project describes the study of leaching characteristics of trace elements 
(including REEs) from three widely-distributed aquifer host rocks in YM and Nevada 
Test Site areas. Leachate compositions are significantly impacted by leaching time, pH, 
grain size, and rock mineralogy. Geochemical modeling was conducted to explore the 
 iv 
redistribution and leaching process of trace elements. Leaching factors of various trace 
elements were derived to quantify the leached trace elements from each of three aquifer 
rocks. 
The second project describes the adsorption behavior of two REEs, ytterbium (Yb) 
and europium (Eu), using an integrated approach of laboratory experiments and 
numerical modeling. Experimental results indicate that Yb and Eu show moderately 
pH-dependent adsorption behavior, which was simulated by surface complexation 
models. Due to their advantage of wide relevance to ionic strength, experimentally 
derived surface complexation models can be used for adsorption reactions in transport 
modeling. 
The third project describes the numerical simulation of REE transport in the 
mountain-scale groundwater model of YM. A three dimensional reactive groundwater 
model, PHAST3D, was conceptualized for REE transport modeling by coupling with the 
experimentally derived surface complexation reactions. Modeling results indicate that 
sorption reactions may retard transport of REEs and attenuate concentrations of 
dissolved REEs. 
The research demonstrates that surface complexation reactions play an important role 
in the REE transport in the YM area. As the natural analogue of trivalent-actinides, the 
simulation results of REEs are expected to help us determine the fate of nuclides stored 
in the high level nuclear repository in YM. 
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CHAPTER 1 
INTRODUCTION 
1.1 Background/Problem Statement 
Being the proposed future high-level nuclear waste repository, Yucca Mountain (YM) 
has been a focal point for research since the 1970’s. An important question of concern for 
the public and researchers is whether nuclear waste will access and contaminate the 
underlying groundwater system by infiltrating across the aquifers or flowing along the 
fault zones. If contamination happens, the groundwater will become unsafe and unfit for 
human use. Furthermore, to remove the contaminants from groundwater is more difficult 
than from surface water. As one of most reliable water resources, groundwater quality is a 
great concern for people living in this desert area.  
Among the major sources of contaminants, radionuclides, especially actinides with 
high toxicity, cannot be neglected because of various forms of nuclear waste (McPhee 
and Yeh, 2003). Concerns about groundwater contamination from radionuclides require 
the understanding of how radionuclides access the groundwater and their behavior in 
water-rock interaction. Many reactions are usually involved in the interface between rock 
matrix and groundwater including biodegradation, chemical reactions, precipitation, and 
dissolution. The focus is what reaction(s) of radionuclides play important roles in and 
methods to quantify their space-time influence on groundwater quality.  
However, it is difficult to investigate directly the complicated geochemical reactions 
of aqueous radionuclides due to their harmful radioactivity. Previous studies 
(Johannesson et al., 1997; Dia et al., 2000; Moller et al., 2000) show that REEs have 
similar charges and sizes as trivalent actinides including neptunium (Np) and plutonium 
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(Pu). Also, REEs have significant fractionation as a group with small differences in 
solubility and complex formation, which make them be used as natural analogs of 
radionuclides. In the past two decades, the studies about REEs have been increased 
because of their similarities with radionuclides and ability to trace sources. 
1.2 Research Objectives 
 To characterize the leaching properties of widely distributed aquifer rocks in the 
YM and adjacent areas. To determine background concentration levels of REEs 
naturally leached from aquifers. 
 To investigate the adsorption behaviors of the selected REEs in batch reactor 
experiments. The results of these experiments are simulated by using surface 
complexation models to derive the key adsorption reactions and associated 
reaction parameters. 
 To simulate the selected REEs transport by coupling the experimentally derived 
surface complexation models. The simulation results are used to evaluate and 
predict the fate and transport of radionuclides in the YM groundwater system by 
using REEs as a radionuclide’s analogs. 
This dissertation is organized in an introduction, and three manuscripts followed by a 
conclusion. Chapter 1 includes background, objectives, study area, and previous work. 
Chapter 2 contains the first manuscript describing the study of leaching behavior of trace 
elements from three main aquifer rocks in southern Nevada region. Chapter 3 is the 
second manuscript describing the investigation of adsorption behavior of the selected two 
REEs and the related numerical modeling with surface complexation models. Chapter 4 
is the third manuscript presenting the transport modeling of the selected REEs by 
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coupling the experimentally derived key reactions into a mountain-scale model. Chapter 
5 summarizes the conclusions from the study and outlines future work.  
1.3 Study Area 
Yucca Mountain (YM) is located about 160 kilometers northwest of Las Vegas in 
southern Nevada (Figure 1.1). On its eastern part is the Nevada Test Site (NTS), on its 
northwestern part is the Nellis Air Force Range, and on its southwestern part is public 
lands managed by the Bureau of Land Management (Montazer and Wilson, 1984). The 
study area belongs to the Basin and Range Province with a desert climate, and is within 
the Great Basin. In the surrounding area, the lowest altitude is about 80 m below sea level 
at Badwater in Death Valley and the highest is 3600 m above sea level at Mount 
Charleston (Scott, 1990). Areas between the basins and mountains generally are above 
1500 m. In this area, 25 percent is uplands and 75 percent is intermountain basins filled 
with alluvium and lower volcanic deposits (D’Agnese et al., 1997). The precipitation 
distribution differs widely as the mean value in the Spring Mountains is more than 700 
mm/yr and 50 mm/yr in Death Valley. Average annual lake-evaporation changes spatially 
from 1100 mm in the north to 2000 mm in Death Valley (Grasso, 1996). 
As a proposed future site for the underground storage of high-level radioactive 
nuclear wastes, the repository would be located in the tuff of volcanic ash with age of 
about 11.5 million years, located above the water table (USDOE, 2001). Previous studies 
showed that the complete set of geologic formations could be divided into approximately 
ten hydrostratigraphic units (Winograd and Thordarson, 1975). The hydrogeologic 
properties of these units play an important role in the study area. YM is mainly 
comprosed of the Quaternary surficial deposits, the Tertiary volcanic aquifer and the 
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Paleozoic carbonate aquifer in a sequence of three aquifers and three confining units, 
intersected by variably space-distributed faults that are block bounding, relay structures, 
strike strip or intrablock as shown in Figure 1.2.  
 
 
Figure 1.1 Study area and location of primary monitoring wells in the Yucca Mountain. 
Please note that circle with left half black-Carbonate rock; circle with right 
half black -Undifferentiated rock; circle with lower half black-Valley fill; 
circle with upper half black-Volcanic rock; black circle-Combined carbonate 
rock and valley fill; yellow circle-Miscellaneous monitoring site; black dot 
dashed line-Ground water subbasin boundary; black dashed line- Nevada Test 
Site boundary; black solid line-Trace of section; green dot dashed line 
-hydrographic area boundary (Fenelon and Moreo, 2002).  
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Figure 1.2 Hydrogeologic cross section of A-A’ shown in Figure 1.1 (Fenelon and Moreo, 
2002)  
 
YM belongs to the Death Valley Regional Flow System (DVRFS), where the primary 
flow direction of groundwater is from the eastern and northeastern recharge areas to the 
southwestern discharge area through the carbonate rocks (Patrick, 2003). At YM area, 
groundwater in north-south direction primarily flows through fractured and faulted 
volcanic rocks and then into the southern alluvium. Due to a confining unit between the 
volcanic and carbonate units, they generally are hydraulically separated. Recharge of YM 
groundwater may be from infiltration of precipitation, infiltration of intermittent 
streamflow in Fortymile Wash, and underflow from the northern, western, and eastern 
parts. Groundwater may be discharged as underflow to the south, springs in Death Valley 
and pumping wells in Jackass Flats and Amargosa Desert (D’ Agnese et al., 1997). 
According to potentiometric surface maps, a large hydraulic-gradient area is located in 
the north, moderate hydraulic-gradient areas in the west and south, and a small 
hydraulic-gradient area below Jackass Flats (Daniels et al., 1982).  
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The groundwater geochemistry in this study area can be described by two dominant 
types: relatively dilute sodium-bicarbonate water with high silica content mainly due to 
the influence of volcanic rocks and corresponding sediments, and an elevated 
calcium-magnesium-bicarbonate water with low silica content mainly due to the 
influence of carbonate rocks (Luckey et al., 1996). At some locations, groundwater has a 
combination of characteristics of the above two groundwaters because of mixing along 
groundwater flow paths. Groundwater under the valley fills may contain significantly 
concentrated sulfate and chloride ions as a result of extensive evaporation. 
1.4 Previous Work 
1.4.1 Analogue of Trivalent Radionuclides 
The potential migration of radionuclides in groundwater is a key to design and 
operation of nuclear repositories (Shagalova et al., 2000; Monte, 2002). To simulate the 
real configuration of radionuclide transport requires adequate understanding of 
hydrogeologic characteristics of groundwater systems and geochemical behaviors of 
radionuclides. Understanding of transport and geochemical processes of radionuclides 
have been challenging due to currently limited knowledge of hydrogeology and 
geochemistry. Radionuclides’ radioactivity prevents people from directly examining and 
investigating them. Fortunately, previous research studies show that REEs could be used 
as analogue of trivalent actinides (e.g., plutonium, neptunium) because of similar atom 
radii and valence (Thompson, 1979; Choppin, 1983; Johannesson et al., 1994, 1995). 
Rare earth elements are commonly referred to as the lanthanide series, from La trough 
Lu, which act as a group and fractionate closely within the group. The reason is that 
REEs are 4f cations partially filled and shielded from bonding interactions (Thompson, 
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1979). The dominant mechanism is electrostatic for surface complexation. The REEs are 
only trivalent except Eu that has another valence of 2+ and Ce with another valence of 4+. 
With increasing atomic number, the atomic radii decrease results in fractionation of REEs, 
or lanthanide contraction. Compared with REEs, trivalent actinides are 5f cations 
showing similar behaviors within the group as well. Despite having fewer redox states 
than actinides, discussions about lanthanides are mostly applicable to actinides especially 
in the groundwater in the following studies.  
Choppin’s study (1983) shows that pronounced chemical similarities exist between 
actinides and lanthanides. Aqueous complexes of these two series elements can be 
simulated well with an electrostatic mechanism plus slightly stronger bonding for 
actinide complexation. In the research of Johannesson et al. (1994), it is shown that all of 
the REEs (noted as Ln) exist in carbonate complexes and 99% of them are Ln(CO3)2
-
 in 
alkaline lake waters. Light REEs are prone to form stronger carbonate complexes than 
relative heavy REEs. Rare earth elements are revealed to act and fractionate as a group, 
providing very valuable tracer or signature information. A rare earth element, Nd, in 
groundwater samples from NTS and YM area was investigated by Johannesson et al 
(1995). Geochemical modeling showed that 92% to >99% of dissolved Nd
3+
 was 
complexed with carbonate as NdCO3
+
 or (Nd(CO3)2
-
, resulting from elevated free CO3
2-
 
in groundwater. Behaviors of aqueous Nd
3+
 indicate that free CO3
2-
 may increase 
solubility and decrease retardation of trivalent actinides (Am
3+
, Cm
3+
, Cf
3+
) in 
groundwater.  
Being the analogues of radionuclides, the research of REEs has seen largely increased 
interest in the last few decades for supporting more insightful information than other 
 8 
 
elements or compounds. Dia et al. (2000) identified two different groundwaters by 
investigating control factors of REEs signature. Their research showed that the two most 
likely dominant factors are dissolved organic carbon and redox states in groundwater. By 
studying REE pattern in surface water and groundwater, significant abnormality of Gd 
was observed in Moeller et al.’s research (2000). Abnormality of the Gd complex finally 
helped researchers identify the origin and fate of certain waters.  
1.4.2 Numerical Transport Modeling 
Numerical modeling is one of prevalent techniques which can be applied to various 
imaginary scenarios for complicated groundwater systems. And multiple time-scale 
simulations of groundwater systems can be performed with numerical models. Thus, the 
possibility of radionuclide contamination and the corresponding impact extent can be 
evaluated (Johnson et al., 2001).  
The last several decades have seen a development boom of groundwater transport 
models. With comparison to the physical mechanisms of groundwater flow, the 
geochemical characteristics of solutes are more difficult to be determined because of 
complex and numerous reactions. There are many transport models for the 
equilibrium/mass transfer in mineral/amorphous phases such as TRANQL (Cederberg et 
al., 1985), PHREEQC (Parkhurst and Appelo, 1999), HYDROGEOCHEM (Yeh and 
Tripathi, 1990, 1991) and The Geochemist’s Workbench7 (Bethke, 1996). In order to 
kinetically simulate reactions of solute in the groundwater flow, researchers have been 
triggered to couple specific reactions into physical-based transport models for their 
research purposes.  
How to simulate the source/sink term in the governing equation of mass transport 
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directly determines whether the model reflects the important reactions of the solute in the 
real water-mineral environment and whether the simulated results match well with 
observed data.  
For i
th
 solute species, the one-dimensional governing equation of mass transport can 
be described as follows: 
R
x
C
v
x
C
D
t
C i
x
i
xi
i
2
2
                         (1.1) 
where Ci is the concentration of i
th
 solute, Dxi is the dispersion coefficient, vx is the flow 
vector, R is the source/sink term which is determined by the heterogeneous reactions of 
reactive solute (Domenico and Robbins, 1984; Liu and Narasimhan, 1989; Mangold and 
Tsang, 1991; Lichtner, 1996; Domenico and Schwartz, 1998).  
The chemical behavior of the reactive solute typically includes sorption reactions, 
redox reactions, and/or radioactive decay, precipitation-dissolution, of the solute along 
groundwater flow paths.   
 Specifically, the adsorption reaction can be presented as:  
  
)N,1,(k                   ][ c
1

cN
k
Xk
s
kj
s
j SV
t
R
                   (1.2) 
where Rjs, is the sum of the adsorption/desorption process for the j
th
 secondary species, 
Vkj is the stoichiometric coefficient of the adsorbed component k in the adsorbed complex 
Sxk, and Nc is the number of the surface bound complexes of k.  
A brief summary of previous work relevant to transport model development follows 
in this section. Kohler et al. (1996) simulated the retardation of uranium in column 
experiments by using a transport model with a surface complexation model. Wunderly et 
al. (1996) developed a versatile model coupled with oxygen diffusion and sulfide-mineral 
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oxidation to simulate the transport of sulfide mineral oxidation in mine tailing 
impoundments. Smith and Jaffe (1998) coupled various processes of biodegradation, 
chemical reactions, precipitation, and dissolution with transport processes of advection, 
bioturbation, and dispersive mixing to model the trace metals in lake sediments. Zhang 
and Schwartz (2000) formulated a model to reproduce the coupled process of nonaqueous 
phase liquid dissolution, chemical reactions and subsequent transport in the chemical 
oxidation scheme. Zhu (2002) estimated the recharge by using a flow and transport model 
and the observed radiocarbon ages. Pang and Close (2003) applied the method of 
temporal moment (MOM) formula to analyze breakthrough data to estimate a first-order 
degradation rate constant, retardation factor, and sorption distribution coefficient. 
Comparing to the results of curve fitting, MOM has a better fit with tailing and good 
application to interpret solute transport with sorption and degradation. Thomasson and 
Wierenga (2003) conducted a precisely controlled field experiment to study the spatial 
variability of the retardation coefficient. The study indicated that a range of retardation 
values may be needed for different depths of soil due to retardation coefficient’s wide 
variability. Kallvenius and Ekberg (2002) designed a transport and chemical kinetics 
(TACK) program to predict the transport of nuclear waste by coupling a two-dimensional 
transport model with a geochemical computer program, PHREEQC (Parkhurst and 
Appelo, 1999). As compared with the software PHAST, TACK showed similar qualitative 
but different quantitative results. Nelson et al. (2003) used tracers with different 
diffusivities to investigate the relative contribution of diffusive mass transfer to the solute 
transport of aquifers in laboratory and field scales. Their research showed that the 
influence of the diffusive mass transfer to the solute transport could be measured, which 
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often is accompanied with the diffusion between zones of lower and higher advections in 
the field scale. Montas (2003) presented an analytical solution for the multidimensional 
solute transport equation including advection, dispersion and reaction terms. In this study, 
an advective dispersive-reactive kernel and a coupled advective kernel both with an 
explicit form are applied and the solution is an exponentially scaled space-time 
convolution of the two kernels. The results indicated that the solution could accurately 
predict the mean and range of concentration distribution. Browning et al. (2003) 
combined the thermodynamic chemistry interpretation of groundwater and formulated a 
conceptual model to simulate the interactions between mineral/glass, water, and gas of 
YM area. Their simulated results indicated that chemical compositions of groundwater at 
YM are influenced more by the percolating waters than by in situ chemical reactions. The 
possible flow paths are influenced mainly by percolation flux and fracture-matrix 
interactions. A good description of ambient conditions is the key to obtain more reliable 
results for solute transport. 
In order to discern and quantify the major reactions of REEs in the water/mineral 
medium in the groundwater system, different reactions may be taken into account by 
employing a closely analogous equation to the above adsorption/desorption treatment in 
this research. The sum of these reactions can provide a more realistic expression that 
accounts for the major reactions of the radioactive solutes along the flow paths. 
Obviously, in the simulation of the equilibrium reactive multicomponent transport, two 
sets of equations must be solved: hydrodynamic mass transport partial differential 
equations and equilibrium chemistry nonlinear, algebraic equations. The two sets of 
equations can be solved independently, and subsequently linked together at each time 
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step (e.g., Wunderly et al., 1996; Smith and Jaffe, 1998). Yeh and Tripathi (1990) 
indicated that an iterative coupling of an equilibrium speciation with a kinetic reaction 
and transport model is computationally most efficient.  
1.4.3 Surface Complexation Modeling 
Most transport models are not capable of simulating adsorption reactions 
thermodynamically. Usually, empirical adsorption isotherms are applied to calculate the 
distribution coefficient, a constant to quantify sorption of solutes. Empirical isotherms are 
equations developed to quantify the adsorbed adsorbates from solution by curve fitting. 
It’s obvious that the developed isotherm is dependent on adsorbate, adsorbent, and 
specific conditions. There are three frequently used adsorption isotherms expressed in 
Equations (1.3)-(1.5). 
Linear isotherm: 
aqud CKC                                 (1.3) 
where, C is the adsorbed concentration of the adsorbate; Kd is the distribution coefficient; 
and Caqu is the aqueous concentration of adsorbate at equilibrium. 
Freundlich isotherm: 
n
aqud CKC                                (1.4) 
where, n is a empirical coefficient, others are defined as above. 
Langmuir isotherm: 
aqud
aqud
CK
CKC
C
1
max
                             (1.5) 
 
where, Cmax is the maximum adsorption capacity of the adsorbate; others are defined as 
above. 
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It is obvious that the empirical isotherms can describe an equilibrium system and 
have application limited within their developed conditions. 
 
Figure 1.3 Different forms of empirical isotherms: linear isotherm (A), Freundlich 
isotherm (B), Langmuir isotherm (C), respectively (modified from Goldberg 
et al., 2007)  
 
Compared with empirical approaches, surface complexation modeling (SCM) 
approaches directly describes the speciation and distribution of solution and solid surface. 
Being practiced for 35 years, SCMs have become a prevalent approach of investigating 
the adsorption process due to its more mechanistic nature. SCMs employ mass action 
laws analogous to aqueous phase reactions to consider changes in chemical speciation, 
adsorption, precipitation and other interactions (Davis and Kent, 1990). This makes 
SCMs more robust than empirical isotherms and applicable to conditions different from 
the environments in calibration. So far, quite a few transport models are embedded with 
SCM to account for thermodynamic adsorption. They are CRUNCH (Steefel and 
Yabusaki, USDOE, 1996), PHREEQC (Parkhurst and Appelo, USGS, 1999), RATEQ 
Caqu Caqu Caqu 
C C 
Cmax 
A. Linear Isotherm B. Freundlich Isotherm C. Langmuir Isotherm 
C 
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(Curtis, USGS, 2005), UNSATCHEM (Šimůnek et al., USDA, 1996), and UTCHEM 
(Pope et al., USEPA, 1999). 
Generally, there are three basic types of SCMs: constant capacitance model (CCM), 
diffuse layer model (DLM), and triple layer model (TLM). The schematics of the three 
models are shown in Figure 1.4A for CCM, Figure 1.4B for DLM, and Figure 1.4C for 
TLM. 
 
Figure 1.4 Schematics of the interface between solid and solution in A-constant 
capacitance model (CCM), B-diffuse layer model (DLM), and C-triple layer 
model (TLM), respectively (from Goldberg et al., 2007). Note that Ψ is the 
surface potential; xo is the surface o-plane; xd is the diffuse layer; xβ is the 
outer β-plane; x is the distance from the surface o-plane.  
 
In the above figure, ψ is the surface potential, xo denotes the location of the surface 
o-plane; xd denotes the location of the diffuse layer; xβ denotes the location of the outer 
β-plane. It’s obvious that TLM can take into account of both strong and weak bonding by 
inserting a β-plane between the surface plane and the diffuse plane.  
The CCM has been used to describe adsorptions of a variety of anions and cations 
including phosphate, selenite, silicate, lead, arsenate, strontium, cadmium and boron 
(Goldberg, 1985; Goldberg, 1999; Goldberg at al., 2004; Goldberg at al., 2005). Also 
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adsorptions of some compounds (e.g., molybdenum) have been studied with CCM (Motta 
and Miranda, 1989). The investigated adsorbents include natural or synthetic minerals, 
soils and soil minerals. The CCM is the most limited because the capacity of the surface 
is simplified as a constant without considering different binding affinity. It is worth 
mentioning that Lu¨tzenkirchen (1999) first documented estimation and interdependence 
of surface complexation parameters in CCM. He found that it difficult to obtain a unique 
and meaningful set of SC parameters by fitting experimental data with CCM. 
The DLM has been used to describe adsorptions of a variety of anions and cations 
including sodium, barium, calcium, cadmium, cobalt, copper, magnate, manganese, 
nickel, lead, strontium, uranium, and zinc (Zhang et al., 1994; Tonkin et al., 2004; 
Damaskin et al., 1986; Waite et al., 1994; and Prikryl et al., 2001). The investigated 
adsorbents include surfaces of Gram negative bacteria, hydrous manganese oxide, 
ferrihydrite and clays. The DLM has been extensively applied in surface adsorption and 
produced satisfactory fits of experimental data under some conditions. However, the 
validation of DLM is still a barrier to robust application because of the imperfect model 
fundamentals: Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (Murray, 1997). 
The TLM has been used to describe adsorptions of a variety of anions and cations 
including molybdate, sulfate, selenate, zinc, cadmium, baron, lead, europium, sulfate and 
phosphate (Phan et al., 2004; and Borrok and Fein, 2005; He et al., 1997). The studied 
adsorbents include hematite, γ-alumina, α-alumina, silica, river sediments, and soils 
among others (Hwang and Lenhart, 2008; Kosmulski, 1996; Wu et al., 2001). Generally, 
the TLM can provide more flexibility in simulating adsorption reactions than CCM and 
DLM at the expense of simplicity. Consequently, more model parameters are involved 
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and need to be calibrated and verified. Compared with CCM and DLM, TLM has the 
same reactions for inner-sphere surface complexation, plus reactions for outer-sphere 
surface complexation. TLM is capable of describing surface competition between inner- 
and outer-sphere complexes.  
It is important to mention that obtained model parameters are applicable only to the 
same or similar sets of specific adsorbate-adsorbent pair. Furthermore, parameters in 
CCM, DLM, and TLM are not comparable and convertible due to different assumptions 
made respectively in their own conceptualization. Theoretically, it is not clear which of 
the above three SCMs is best in describing adsorption behavior in natural environments 
(Westall, 1987). Generally, to select an appropriate SCM is highly dependent on the 
specific adsorbates and adsorbents of interest. Generally, the method of trial and error is 
employed and testified through the simulation comparison among different SCMs.  
Specification of surface complexes and associated equilibrium constants are crucial to 
SCM modeling. There are usually two techniques applied to investigate adsorption 
behaviors including macroscopies and spectroscopy. Macroscopic technique mainly 
includes batch reactor experiment and column experiment providing experimental 
adsorption isotherms or edges and breakthrough curves. Based on macroscopic 
investigation, specifying surface complexation reactions and associated equilibrium 
constants can be experimental derived by using curve fitting. No single technique can 
fully investigate adsorption mechanisms because surface complexes are complicated and 
affected by multiple factors in nature. Sometimes, molecular level information is 
necessary to constrain surface complexation reactions in the SCM modeling. 
Spectroscopic techniques help us identify the interactions between ions and surface, types 
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of adsorbed species, structures of surface complexes. An integrated method of the two 
techniques is always preferred given the incomplete understanding of adsorption.  
1.4.4 Groundwater Modeling of YM and NTS areas 
 In the 1970’s, numerous computer codes were available for modeling groundwater 
and solute transport owing to the magnificent development of computer techniques. It is 
worth to mention that J.R. Harrill is the person who firstly simulated the groundwater 
flow in the basin fill of Las Vegas Valley, Southern Nevada (Prudic, 2003). Presently 
groundwater models have been a prevalent tool capable of simulating complex 
underground environments. The NTS and YM, low-level nuclear test site and high-level 
radionuclide repositories respectively, are the most intensely studied sites in Southern 
Nevada. The potential contamination of groundwater by nuclear waste is a great concern 
which triggered thorough investigations of YM and NTS. Groundwater models of YM 
and NTS can be divided into two types including regional and local according to spatial 
scales. The two kinds of models are different in purposes of study and usages in practice. 
Usually, a regional model is used to evaluate global response to groundwater withdrawal, 
estimate rough travel time of solutes, and provide boundaries for local groundwater 
models. A local model is used to study specific area and detailed information of interest. 
In southern Nevada, most local models are related to radionuclide transport in the YM 
and NTS areas.   
1.4.4.1 Regional-scale models 
In 1982, a 2-D steady inverse model was developed to simulate the flow beneath the 
NTS and vicinity (Waddell, 1982, USGS). The typical aquifer assemblage consisting of 
carbonate rocks, volcanic rocks and alluvium was implemented into the groundwater 
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model besides some large ranges and faults in this area. Impacts of model parameters 
including recharge, discharge, and transmissivity to hydraulic heads and fluxes were 
analyzed, providing the support of field study and estimation of prediction uncertainty.  
A regional model was developed to simulate groundwater flow and tritium transport 
in NTS area by considering detailed geologic stratigraphy (USDOE, 1997). This is a 
steady-state finite difference model, covering 26,200 square miles of area, and consisting 
of 76 rows, 68 columns and 20 vertical layers. In the simulation of solute transport, a 
particle tracking technique was used to simulate 1-D tritium transport in a 200-year time 
frame. The study provided some valuable information for the regional groundwater 
modeling. They are as follows: the regional geology controls the locations of flow paths; 
matrix diffusion dominates the migration of tritium; the uncertainty of the source term 
impacts decreases with increasing distances from the waste repository; and recharge 
coefficients are as important as matrix diffusion (USDOE, 1997). 
The USGS (Belcher, editor, 2004) developed a 3-D transient model for the 
groundwater simulation in YM and NTS areas on the basis of a 3-D steady-state model 
through carbonate rocks (Prudic et al., 1995). Twenty seven hydrogeologic units are 
included in a 3-D digital hydrogeologic framework model besides faults and fractures. 
The regional model-Death Valley region flow system (DVRFS) is composed of 16 layers, 
finite-difference mesh including 194 uniform rows and 160 uniform columns spacing 
1,500 m (Prudic et al., 2003). By incorporating many valuable miscellaneous research 
results, the model helps us appropriately estimate pumping effects, recharge, and 
discharge and flow patterns of the groundwater system.  
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1.4.4.2 Site-scale models 
According to locations, there are two groups of site-scale model, local model of NTS 
and local model of YM. Pohlmann et al. (1999) developed a groundwater and transport 
model-FAULTLESS at Central Nevada Test Area (CNTA) in order to evaluate 
underground nuclear tests. The model covers about 20 square miles of area made up of 
130×160×27 cubic cells of 50 m length. Using the fracture flow/matrix diffusion 
approach, the model simulates the transport of radionuclides firstly from cavity to control 
cross section through the particle tracking approach. Also the sensitivity analysis of some 
parameters was conducted to assess their impacts on the most reducing travel time of 
nuclides.  
Pawloski et al. (2001) conducted a series of unclassified simulations of radionuclide 
release and transport underground at the CHESHIRE test at Pahute Mesa of NTS. 
Focusing on impacts of the CHESHIRE test, a flow and transport model was developed 
to predict radionuclide migration in the sub-region of Pahute Mesa Corrective Action 
Unit (CAU). These unclassified simulations were developed for defining hydrologic 
source term boundary conditions in the CAU model. This research is of significance in 
interpreting sources term behavior which may be applied to other areas.  
Wolfsberg et al. (2002) employed an integrated approach to simulate the groundwater 
flow and radionuclides transport beneath the BENHAM and TYBO underground nuclide 
tests at Pahute Mesa of NTS. Main components of the model include source-term model 
considering radionuclide release following complex processes, and site-scale transport 
models considering solutes transport in volcanic rocks with fractures. These components 
produced results that match well with laboratory and field data after coupling together. 
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Sensitivity analysis was performed to assess possible ranges of model parameters.  
 The last three decades have seen extensive studies of YM to characterize the 
heterogeneous hydrogeologic system and complex transport processes under this 
proposed geologic waste repository. Results of these fundamental studies enhance the 
conceptualization and development of groundwater models for this site. It is worth 
mentioning that two significant groundwater models frequently were applied at the study 
area of YM, FEHM by Los Alamos National Laboratory (Birdsell et al., 1995) and 
TOUGH2 by Lawrence Berkeley Laboratory (Pruess, 1991). The FEHM is a 
finite-element heat and mass- transfer computer code which can simulate the 
groundwater flow and solute transport in unsaturated and saturated zones (Zyvoloski and 
Robinson, 1999). In the FEHM, there are three main modules including fluid flow and 
transport, reactive solute transport and particle tracking, and configuration control and 
verification. The air-water transport is assumed isothermal and gas is considered as 
noncondensible in the FEHM. The component of dual-porosity and 
double-porosity/double permeability was designed for simulating fracture flow; and 
reactive-transport and particle tracking components were designed for simulating 
multiple solute transports (Zyvoloski et al., 1997).  
TOUGH2 is a numerical simulation program for non-isothermal multiphase, 
multicomponent flow in porous and fractured media (Pruess, 1991). It has been 
successfully used for simulations of the unsaturated zone at YM. It is a family code 
including MULKOM module, which is the core part of TOUGH for modeling the 
water-air two phase flow and transport and was updated as TOUGH2 in 1999 (Pruess, 
1991). Module T2VOC (Falta et al., 1995) was designed to simulate a volatile organic 
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compound (VOC) in a 3-phase flow of water, air and non-aqueous phase liquids (NAPLs). 
As the extension of T2VOC, module TMVOC (Pruess and Battistelli, 2002) was 
designed to simulate three-phase non-isothermal flow of water, soil gas, and a 
multicomponent mixture of VOCs in heterogeneous saturated and unsaturated zones. This 
module is usually used in problems of hydrocarbon fuel spill, organic solvents spills, and 
stream-assisted source remediation (Pruess and Battistelli, 2002). Module 
TOUGHREACT was designed for introducing reactive geochemical reactions into the 
multiphase flow in porous and fractural media (Xu and Pruess, 2001). These reactions 
include equilibrium and kinetic reactions, precipitation and dissolution, chemically active 
gas phase, and interactions between mineral assemblages and fluids. iTOUGH 2 is a 
numerical inverse model providing parameter calibration and uncertainty analysis for 
TOUGH2 (Finsterle, 1999). By applying a minimization procedure, the estimated 
parameters can yield minimum error residuals as compared with observed data, which is 
a key to the model calibration and prediction uncertainty. 
The two local-scale models, FEHM and TOUGH2, are both 3-D groundwater flow 
and reactive multi-component transport models for saturated and unsaturated zones. They 
are widely used in complex groundwater simulation underneath the YM after years of 
calibration and verification. Their flexible unstructured grids both can conform to the 
geologically complex aquifer systems. It is worth to mention that FHEM is an isotherm 
model and TOUGH2 a non-isotherm model, enabling the latter to consider heat-related 
phenomena. That they most interest us is how the two important models simulate 
adsorption effects (or retardation) in the groundwater system. There are four equilibrium 
adsorption isotherms embedded in the FEHM to quantify the adsorbed contaminants, 
 22 
 
including linear, Freundlich, Modified Freundlich, and Langmuir isotherms (Zyvoloski et 
al., 1997). In TOUGH2, the distribution coefficients for each rock type are used for 
adsorption effects. As discussed above, using a lumped single parameter, the distribution 
coefficient, to count for complex adsorption may considerably increase the prediction 
uncertainty. Thus, the uncertainty analysis, e.g., Monte Carlo simulation, is an absolute 
necessity for simulated results with TOUGH2.  
1.4.5 Summary 
The HST3D model (Kipp, 1997) and the PHREEQC model (Parkhurst and Appelo, 
1999) with the newly developed surface complexation model will be assembled with 
some necessary and effective improvements specifically for the YM groundwater system. 
In the developed numerical system, the most efficient solution will be employed for the 
equilibrium speciation with the kinetic reaction and transport. Due to the flexible function 
of PHREEQC, the system can simulate different reaction processes such as 
adsorption/desorption, ion exchange and precipitation/dissolution. So the transport of 
radioactive solutes will be modeled and compared closely to the groundwater 
environment with a full use of the above experimental results and the numerical system.  
From previous studies, it is obvious that more complicated models have been 
conceptualized and developed with the enhanced understanding of geochemical 
behaviors of REEs and other trace elements in the groundwater flow. More models can 
take all accounts of heat, solute, and flow transport by coupling three sets of partial 
differential equations of groundwater flow, heat transport, and solute transport. 
Dimension levels of numerical models are increased from one- or two-dimensions to 
three-dimensions for the requirement of complex geometric study domains. The crucial 
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problem is how to describe reaction terms in the solute transport equation, a key to 
simulation capacities of models. Chemical behavior of a reactive solute is involved with 
adsorption/desorption reaction, redox reaction and/or radioactive decay along 
groundwater flow paths. However, only the adsorption/desorption reaction is generally 
taken into account as the source/sink term by using a constant distribution coefficient. 
Meanwhile, the other reactions are simply neglected which might play important roles in 
the transport process. 
This dissertation is composed of an introduction, three manuscripts including 
leaching of tracer elements, adsorption of rare earth elements, solute transport of 
groundwater system in YM area, followed by a general conclusion section. 
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CHAPTER 2 
WATER-ROCK INTERACTIONS OF TRACE ELEMENTS IN THREE DIFFERENT 
AQUIFERS: LABORATORY LEACHING EXPERIMENTS AND NUMERICAL 
MODELING 
Measurements of trace elements leached from host rocks can indicate the source of 
flowing groundwater and provide the host rock’s fingerprint, information which may be 
useful in the transport modeling and remediation of groundwater systems. In this study, the 
leaching characteristics of three widely-distributed aquifer host rocks in southern Nevada 
were investigated through leaching experiments of thirteen trace elements under different 
experimental conditions (leaching time, pH, grain size, and rock mineralogy). 
Experimental analysis indicated that leaching time, pH, and grain size all have significant 
impacts on the leaching of trace elements. The effect of host rock mineralogy on leachate 
composition also provides useful clues about groundwater sources. Solute speciation and 
saturation indices were simulated using geochemical modeling to further explore the 
redistribution and leaching process of trace elements. Based on experimentally derived 
leaching fractions, a simple conceptual model was developed to consider the leaching of 
trace elements from host rocks into the groundwater. As a practical application, the 
conceptual leaching model was linked with a transport model of uranium (U) along the 
groundwater flow path from the Spring Mountains (recharge zone) to Amargosa Desert 
(discharge zone) in southern Nevada. In this way, additional U from rainfall-induced direct 
recharge from the Spring Mountains could be considered in the transport modeling. The 
significance of this research lies in the quantification of the fraction of leached trace 
elements from different aquifer host rocks and the provision of fundamental datasets for 
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transport modeling in this region.  
2.1 Introduction 
Low precipitation, extensive evaporation, and sparse population make arid Southern 
Nevada a favored site for the storage of nuclear waste. Consequently, Yucca Mountain 
(YM) has been selected as the first future high-level nuclear waste repository. In addition, 
hundreds of nuclear tests have been conducted underground at the nearby Nevada Test 
Site (NTS), the largest outdoor national experimental laboratory since 1961. The NTS 
and YM have been of great concern to hydrogeologists and geochemists in water-limited 
Nevada, where the contamination of groundwater is inevitably a crucial environmental 
issue. The key to the protection of groundwater in this region is to detect contaminant 
movement and change in groundwater flow (CRTD, 2002). However, the heterogeneity 
of arid soils and the complexity of geochemical interaction between water and rock limit 
our understanding of the actual processes of groundwater movement and contaminant 
transport (Yu and Hu, 2003).  
Trace elements are regarded as informative fingerprints of groundwater and host 
rocks. Studies on trace elements at the aquifer rock/water interface can provide very 
valuable information on the source and evolution process of groundwater. Previous 
studies on the leaching of trace elements under different conditions have been conducted 
in many different study areas (Wagner and Hlatshwayo, 2005; Sohlenius and O¨ born, 
2004; Al-Masri et al., 2004; Gaskova et al., 2003; and Quejido et al., 2005). 
Contamination by arsenic (As) and uranium (U) is a hot issue prompting many studies, 
while various kinds of slags, tails, and coals are the most commonly studied host 
materials. Gaskova et al. (2003) conducted laboratory-based experiments to study the 
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leaching of As-containing tailings with different solutions and water/rock ratios, and over 
different leaching times. The results showed that, in alkaline environments, As is more 
easily leached from the particle surfaces than other trace elements (Co, Ni, Fe). Host rock 
is an important factor in that it provides the source and habitation for the leaching of trace 
elements. Wagner and Hlatshwayo (2005) determined the concentrations of fourteen 
trace elements in the Highveld coals by digestion and compared them with those of the 
reference material. The measured concentrations were generally lower than the global 
level for coals, except in the enriched siderophile elements. In order to obtain more 
systematic and general information about leaching, researchers have expanded studies to 
include additional trace elements, resulting in a wider spectrum of those that are studied. 
Al-Masri et al. (2004) calculated the leaching factors, which quantify the fraction leached 
from host rocks, for trace elements in Syrian phosphogypsum. Their results suggest that 
trace elements can either be adsorbed on the surface of gypsum, occur inside the gypsum 
lattice, associate with organic materials or dissolve in acids.  
It is worth mentioning that further investigations of the mineralogical properties of 
host rocks have better explained the leaching mechanism of trace elements. Microscopic 
and spectroscopic techniques are now frequently used in the study of water and rock 
particle interactions. Scanning electron microscopy (SEM), X-ray diffraction (XRD) and 
X-ray fluorescence spectroscopy (XRF) are commonly used. Sohlenius and O¨ born 
(2004) studied the leaching and partitioning behaviors of some trace elements in oxidized 
and non-oxidized sulphidic sediments using XRF. Quejido et al. (2005) used sequential 
leaching methods to investigate the mineralogical distribution of some trace elements, 
including U, Ce, and La-Nd. In their research, XRF and scanning electron (SE) images 
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were applied to the Fe (Ш)-U (VI) fracture filling materials from the “Mina Fe” U 
deposit to explore the mechanisms of leaching. While microscopic and spectroscopic 
analytical techniques allow for the discovery of leaching phenomena beyond certain 
detection thresholds, geochemical modeling based on the principles of geochemistry are 
used to interpret the experimental results. Geochemical modeling may include solute 
speciation, saturation calculation, and surface complexation. Parsons et al. (2000) 
investigated the mineralogy of base-metal slags with the aid of backscattered scanning 
electron (BSE) and secondary electron images. Geochemical simulation results with the 
EQ 6 model showed that the equilibrium solubilities of secondary minerals control the 
aqueous concentrations of Al, Ba, Cu, Fe, Si, and SO4. Piatak et al. (2004) studied the 
mineralogy of three slags at different sample sites through the analysis of BSE images 
and calculation of speciation and saturation. Silicates, sulfide, and secondary minerals 
were shown to influence the leaching process of slags. Lee et al. (2005) studied the 
leaching behavior of As and other trace elements from waste rock and contaminated soil. 
Integrating X-ray analyses, speciation, and saturation calculations, they found that 
Fe-hydroxides, Fe (Mn)-hydroxides and Fe-sulfates, appearing as secondary minerals, 
adsorbed the dissolved metals.  
Meanwhile, other researchers have investigated trace elements in groundwater to 
trace back its possible sources or evolution processes. Edet et al. (2003) collected and 
analyzed 43 groundwater samples from 33 aquifer monitoring wells. With factor analysis 
and statistical methods, four types of groundwater and two groups of trace elements were 
found in the samples. Their research suggested that the trace elements arise from a 
process that is geogenic rather than anthropogenic (e.g., tidal flushing). Farnham et al. 
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(2003) used principal component analysis (PCA), Q-mode factor analysis, and 
correspondence analysis to study the trace elements in groundwater samples collected 
from YM. These statistical studies showed enhanced levels of trace elements in 
groundwater flowing through different aquifer rock types (volcanic or carbonate) and in 
groundwater at different oxidizing/reducing stages.  
Most of these previous studies, however, were focused on the assessment of specific 
contaminated sites for remediation rather than the simulation of contaminant transport in 
the regional groundwater. Published studies on the leaching of trace elements from 
natural regional aquifer assemblages, instead of from synthetic host material are scarce. 
Such studies would enhance our understanding of the source, movement, and transport of 
regional groundwater. 
The objectives of this study were: (1) to characterize trace elements in leachates from 
different aquifer host rocks in southern Nevada through leaching experiments; (2) to 
document and assess the influences of grain size, pH, and leaching time, in addition to 
rock mineralogy on leachate composition; (3) to explore water/rock interaction in the 
leaching process with geochemical modeling; and (4) to provide preliminary datasets for 
quantifying the fraction of trace elements leached from aquifer host rocks; (5) to test 
advantages of using the experimentally derived fraction in the transport modeling. 
In this study, the bulk concentrations of trace elements in host rocks were measured 
and leaching fractions were calculated. Experimental analysis was used to distinguish the 
effects of the host rock, grain size, pH value, and leaching time. An interactive 
geochemical model, PHREEQC 2.8 (Parkhurst, 1995), was used to calculate the 
speciation states and saturation indices to further explore the interaction between host 
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rocks and leachates. PHREEQC 2.8 was also used to simulate one-dimensional solute 
transport in the application case study. 
2.2 Materials and Methods 
2.2.1 Study Area 
Southern Nevada with a desert climate is part of the central Basin and Range 
Province (Figure 2.1). Regional elevation varies from about 80 m below sea level in 
Badwater, in California, to 3,600 m above sea level at the top of Peak Charleston. The 
mountain ranges separating the basins are generally above 1,500 m (Scott, 1990). Twenty 
five percent of the area is uplands and 75 percent is intermountain basin filled with 
alluvium and lower volcanic deposits (Grasso, 1996). The precipitation distribution varies 
widely dominated by altitude, with the mean value ranging from more than 700 mm/yr in 
The Spring Mountains to only 50 mm/yr in Death Valley. Average annual 
lake-evaporation varies spatially from 1,100 mm in the north to 2,000 mm in Death 
Valley (D' Agnese et al., 1997).  
Many previous studies have indicated that hydrostratigraphic units usually have 
geohydrologic impacts on the groundwater movement and geochemistry. Although there 
is a wide spatial variation of hydrostatigraphic units within or close to the NTS, aquifer 
rocks in the vertical direction primarily consist of Quaternary surficial deposits, Tertiary 
felsic volcanic aquifer, and Paleozoic limestone or dolomite (Winograd and Thordarson, 
1975). Paleozoic limestone and dolomite are transmissive because they can dissolve in 
groundwater. However, the hydrogeologic characteristics of the Tertiary volcanic rocks 
are unpredictable due to the complex effects of volcanic eruption, cooling, and secondary 
alteration (Laczniak et al., 1996). These three kinds of aquifer rocks were collected from 
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exposures in southern Nevada and used for leaching experiments in this study.  
 
 
Figure 2.1 Study area showing locations of wells used in flow path analysis and the 
possible recharge flow paths from the eastern area and from the Spring 
Mountains (from Koonce et al., 2006 and Hershey and Acheampong, 1997). 
Please note blue ellipse representing monitoring well; blue solid line representing 
flow path; and blue dashed line representing possible flow path. 
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2.2.2 Sample Collection and Rock Sample Analysis 
The Cambrian Bonanza King Formation (dolomite) and the Permian Toroweap 
Formation (limestone) samples were collected at Frenchman Mountain and the Tertiary 
Surprise Formation (volcanic rocks) samples were collected at the NTS. These sample 
sites are stratigraphically and lithologically related to the aquifer rocks in the vicinity of 
NTS and YM (Zhou, 2004). Selecting representative hydrostratigraphic units of aquifer 
rocks allowed us to evaluate the leaching process in the natural environment of Southern 
Nevada. Raw rock samples were selected in the field to ensure absence of weathering 
rinds, calcite veins, or obvious signs of possible alteration.  
Samples were rinsed with distilled water and dried in air to measure accurate weights. 
After being crushed into powder, 0.25 g of each rock sample was placed into clean 
Teflon digestion bombs. Five mL of ultrapure HF (Seastar, double sub-boiling, distilled 
in Teflon®) and 5 mL of ultrapure HNO3 (Seastar, double sub-boiling, distilled in quartz) 
were then added. After being sealed and placed in a microwave oven (CEM Corporation 
MDS-2100), the digestion bombs were heated to 189 C and pressurized to 8.62 x 10
5
 Pa 
(8.5 atm) for 25 minutes. The closed Teflon bombs were cooled naturally, after which 30 
mL of a saturated boric acid solution were added into each bomb. Each sample was 
subsequently heated again in the microwave at 100 C and 6.9 x 10
4
 Pa to 1.38 x 10
5
 Pa 
(0.68 to 1.36 atm) for 5 minutes. Finally, the dissolved rock samples were decanted into 
clean polyethylene bottles and diluted by a factor of 180 for the analysis with an 
inductively-coupled plasma mass spectrometer (ICP-MS, Perkin Elmer Elan 5000) 
(Zhou, 2004).  
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2.2.3 Leaching Experiments 
Laboratory batch tests were conducted to study the leaching behavior and 
concentration of trace elements in low-temperature aqueous solutions. In the leaching 
experiments, the rock samples were crushed and fractioned into three groups whose grain 
sizes fell into either the #10 to #20 (841 μm to 2.0 mm), #20 to #45 (354 to 841 μm), or 
<#45 (<354 μm) U.S. standard sieve sizes. After adding 60 g of distilled water into each 
test tube to achieve a rock-water mass ratio of 1:3, the test tubes were placed on a rotator 
for three periods of 7, 30 and 90 days respectively. Sodium bicarbonate (NaHCO3) and 
nitric acid (HNO3) were used to adjust each solution’s pH so that it fell into one of three 
designated ranges (acidic 3-4, neutral 7-8 and alkali 10-11). At the end of the test periods, 
the rock samples and leaching solutions were separated with a centrifuge and filtered 
with 0.45 m Nuclepore® filters (Johannesson and Zhou, 1999). The concentrations of 
trace elements in leached solutions were obtained with ICP-MS (Perkin Elmer Elan 
5000), based on subtracted concentrations in method blanks. An atomic absorption flame 
spectrometer (AA) was used for the analysis of the major cations, and an ion 
chromatograph (IC) for major anions (Zhou, 2004). 
In sum, 81 experimental sets were obtained, indicating the effects of wide parameter 
variation, which included three pH ranges (acidic, neutral, and alkaline), three leaching 
times, three host rocks, and three particle sizes.  
2.2.4 Mineralogy of Host Rocks 
Based on preliminary examination, the Lower Cambrian Bonanza King Formation 
rocks are non-fossiliferous and light or dark gray dolomites. Approximately 80-90% of the 
unit is dolomite, 4-6% is chert, and the remaining few percent is other minerals. The 
 44 
 
Permian Toroweap Formation is slightly fossiliferous, containing approximately 70% 
limestone, 20% dolomite, and small amounts of sandstone and mudstone. The Tertiary 
Surprise Formation is composed of rhyolitic volcanic rocks that consist of 60-70% of 
quartz and 20-30% of chert, limestone, and mudstone.  
In order to quantify the fraction of trace elements leached from different rock types, 
the following equation was used:  
 solidrock   water toof ratio masssurface  totalsolidrock 
 waterdistilled into leachedelement    traceofion concentrat
x                   (2.1) 
where the concentration of trace element leached into distilled water and mass ratio of 
water to rock solid are known parameters in the leaching experiments. Because the 
specific surface area of the individual size fractions was not measured, the surface area of 
each sample was estimated based on particle size, using the geometric mean of the 
corresponding size fraction cutoff. Thus, the leaching fraction (ppb/cm
2
), x, can be 
calculated to reflect the amount of trace metal leached from the host rocks. The leaching 
fraction is influenced by pH, leaching time, grain size, and the nature of host rocks 
(including mineralogy and chemical composition).  
2.3 Results and Discussion 
2.3.1 Aquifer Rock Analysis 
Each of three aquifer rocks showed a different bulk concentration of trace elements, as 
determined by ICP-MS rock analysis. Mn was the most abundant element in both the 
Bonanza King and Surprise formations, while Cr was the most abundant in the Toroweap 
Formation. For all the three rocks, Ti bulk concentration was the lowest. In order to 
evaluate the enrichment of trace elements in the aquifer host rocks, the measured bulk 
concentrations were normalized by concentrations in continental crust (Newsom, 1995). 
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The calculated crust-normalization distributions, shown in Figure 2.2, make it apparent 
that the enrichment of Toroweap Formation is between that of the other two formations. 
Bonanza King Formation is depleted in Mn, Cs, and Ti, relative to Surprise Formation. The 
different distributions of trace elements may reflect the different origins, crystallization 
process and metamorphic histories of the host rocks.  
 
Figure 2.2 Crust-normalized trace element distributions for three host rock samples. The 
data shows the enrichments of the three host rocks are different for each trace 
element. 
 
2.3.2 Leaching Results 
The results of 81 experimental sets showed that a big difference exists in the leaching 
fraction of different elements. Mn, the most abundant element in the three rocks, had the 
largest calculated fractions at least over one order of magnitude than other trace elements. 
For the Bonanza King Formation, Toroweap Formation, and Surprise Formation, the 
second largest leaching fractions, respectively, are about 4.32×10
-7
, 1.81×10
-5
, and 
5.73×10
-4
 ppb/cm
2
 for Cr, and the minimums, respectively, are about 9.36×10
-12
, 
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9.76×10
-9
, and 9.91×10
-9
 ppb/cm
2
 for Cs. The reason that Mn is easily leached may be its 
high abundance in host rocks. Cu, Mn, and Fe are often found in secondary minerals due 
to antagonistic reactions, so secondary minerals in fractures might contribute too. The 
low leaching fraction of Cs results from its low abundance in the host rocks, relative to 
other elements. The leaching fraction of each trace element from the Bonanza King 
Formation was less than those from the other two rocks. For example, the measured Mn 
concentration was the largest in the Bonanza King rock too, but its calculated leaching 
fraction was significantly less by 2 or 3 orders of magnitude of that in the other two 
rocks. 
Leaching fraction plots were used to analyze the effects of individual parameters (e.g., 
pH) on the leaching of trace elements, thus eliminating interfering effects of the other 
parameters (e.g., grain size and leaching time). Each plot represented the experimental 
sets dealing with each combination of a single parameter and rock type (Figures 2.3-2.5). 
Different rocks showed different trends in the variation of their leaching characteristics. 
Increased amounts of trace elements were released into aqueous solution from Bonanza 
King Formation and Toroweap Formation rocks with enhanced pH values; while Surprise 
Formation rocks were the opposite. As expected, fine grains tended to leach out more 
trace elements than coarse grains shown as Figure 2.6. Spikes in the leaching fraction 
trend, which were more significant in the Bonanza King Formation than in the Surprise 
Formation results, demonstrated the existence of selective leaching. This may have to do 
with variation in chemical composition, mineralogy, and content of trace elements in the 
different rock formations. 
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2.3.2.1 Leaching Time 
Generally, the concentrations of leached trace elements increased continuously before 
a dynamic equilibrium between the leached solution and host rock was achieved. Figure 
2.3 shows the pattern and range of variation in leaching fractions of trace elements from 
354 -841 μm rock samples at pH 7-8 solution. The Surprise Formation and Toroweap 
Formation had the similar variation ranges. In general, the leaching fractions of trace 
elements at 7 days are lower than those at 90 days from same experimental conditions. 
According to the difference between leaching fractions at 7 and 90 days, some trace 
elements seemed to reach equilibrium sooner than others. The experimental results may 
indicate that leaching process reached equilibrium close after leaching for 90 days. The 
rates of leaching of most trace elements decreased as leaching time increased. However, 
due to the reversible dissolution/adsorption and unknown controls on the leaching, not all 
sample sets followed this pattern, as shown in Figure 2.3, especially except for Mo. Due to 
the limited experimental time, it was assumed that trace elements reached pseudo 
equilibrium after 90 days. Figure 2.4 shows that changing leaching times produced less 
than one order of magnitude variation in leaching fractions, with the exception of large 
variation of Mn released from the Toroweap Formation, respectively, after 7 days and 90 
days.
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Figure 2.3 Concentration of each leached trace elements is a function of leaching time at 7 
days, 30 days and 90 days, respectively. The concentrations of most leached 
trace elements obtain equilibrium with increasing time except Molybdenum 
(Mo). 
 
2.3.2.2 pH Values 
Figure 2.5 shows trace elements leached from the three different rock samples, with 
same grain size and leaching times but with the different pH ranges. The Toroweap 
Formation and the Bonanza King Formation showed similar decreased concentrations with 
increasing pH, whose decreased solubilities caused lower leaching fractions of most trace 
elements. The Surprise Formation instead showed increased concentrations with 
increasing pH because its solubility is negative proportional to pH values. In the alkaline 
condition, more trace elements dissolved into solution from Surprise Formation rocks.
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Figure 2.4 (A) Leaching fractions of trace elements from 
dolomite rock with gain size from 841 μm to 2.0 
mm and at pH 7-8 by accumulating leaching 
time from 7 to 90 days. (B) Leaching fractions of 
trace elements from limestone rock with gain 
size from 841 μm to 2.0 mm and at pH 7-8 by 
accumulating leaching time from 7 to 90 days. 
(C) Leaching fractions of trace elements from 
volcanic rock with gain size from 841 μm to 2.0 
mm and at pH 7-8 by accumulating leaching 
time from 7 to 90 days. 
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In general, the variation in leaching fractions of trace elements did not exceed one order 
of magnitude for Bonanza King Formation rocks. However, the other two formation rocks 
had a wider variation of leaching fractions from pH 3 to 4 to pH 10 to11. The special 
variation patterns provide some valuable information about the host rock sources of 
leachates. In Figure 2.5, different trace elements were influenced by pH change to different 
extents for all three types of rock samples. The most affected elements by pH were V, Cr, 
As and U in Toroweap Formation; and Li, Mn, Ge and U in the Surprise Formation. 
Bonanza King Formation had undergone less influence by pH possibly due to its less 
solubility and vulnerability to leaching. The alkalinity of the solution decreased the 
solubility of mineral phases contained in the dolomitic rocks. It can also be explained by 
that a different insoluble solute speciation was produced in a high pH solution. Based on 
the experimental results, a smaller amount of Ti and more of V dissolved, respectively, 
from the Toroweap Formation and from the Surprise Formation in acidic solution than in 
an alkaline solution. They both are exceptional cases which cannot be explained by change 
in mineral solubility with increasing pH. The reason is unknown, and measurement errors 
could play a role. 
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Figure 2.5 (A) Leaching fractions of trace elements from 
dolomite rock after 90 days of leaching under 
pH varying between 3-4, and 10-11 with gain 
size from 841 μm to 2.0 mm. (B) Leaching 
fractions of trace elements from limestone rock 
after 90 days of leaching under pH varying 
between 3-4, and 10-11 with gain size from 841 
μm to 2.0 mm. (C) Leaching fractions of trace 
elements from volcanic rock after 90 days of 
leaching under pH varying between 3-4, and 
10-11 with gain size from 841 μm to 2.0 mm. 
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2.3.2.3 Grain Size 
Under the same experimental conditions, more absolute amounts of trace elements 
were released from fine grains than from coarse grains shown in Figure 2.6. This is 
reasonable, and may be explained by the increased particle surface area and interaction 
with the solution.  
 
Figure 2.6 Leaching process of vanadium from volcanic rocks with different grain sizes 
including #10 to #20, #20 to #45, and less than #45 under pH 10-11 and 90 
days of leaching showing the trend of progressively leached vanadium as 
grain size decreases 
 
Figure 2.6 shows trace elements released from 1 g of different grain-sized rock 
samples at pH 10-11 and 90 days after leaching. Because the leaching fraction calculated 
in this study has already taken grain size into account by normalizing by the surface area 
of the particles, the leached trace elements (ppb/g) were supposed to be same in different 
grain-size samples with unit weight. This is true for the 13 investigated elements leached 
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from the two carbonate rocks (1 gram) except Mn and Cr. Relatively, volcanic rocks kept 
quite constant leaching behavior for 1g of different grain-sized samples. In other words, 
the constancy suggested that the influence of grain size on most trace elements is similar 
for all the three rock types, indicating that the most leached trace elements from fine 
grains are higher than those from coarse grains. This may be due to the fact that the 
fine-sized grains are allowed more continuous interaction with water, which results in 
more rapid attainment of equilibrium than coarse-sized grains. Judging from the scale of 
leaching fractions, it indicated that fewer quantities of trace elements were leached from 
the Bonanza King than from the other two rock formations.   
The influences of pH value, grain size, and leaching time on the leaching of trace 
elements in real environments are complicated and overlapping. Different rock types 
showed different variations under the impacts of grain size, leaching time, and especially 
pH. The patterns and scales of variation in different rocks in response to changes in pH, 
grain size, and leaching time can provide some insights about their sources. These factors 
were considered to cause the leaching fractions to vary from 10
-11
 to 10
-4
 ppb/cm
2
 for 
Toroweap Formation and Surprise Formation, but from 10
-12
 to 10
-6
 ppb/cm
2
 for Bonanza 
King Formation (Figures 2.4, 2.5, and 2.7). Thus, it is apparent that different rock types 
show different leaching behavior, and the effect of rock type requires further study. 
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Figure 2.7 (A) Leached trace elements from dolimte rock 
with two gain sizes from 841 μm to 2.0 mm, and 
less than 354 μm under pH 7-8 and 90 days of 
leaching. (B) Leached trace elements from 
limestone rock with two gain sizes from 841 μm 
to 2.0 mm, and less than 354 μm under pH 7-8 
and 90 days of leaching. (C) Leached trace 
elements from volcanic rock with two gain sizes 
from 841 μm to 2.0 mm, and less than 354 μm 
under pH 7-8 and 90 days of leaching.
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2.3.2.4 Rock Type 
According to the analysis by Mariner et al. (1983), the Bonanza King Formation is 
composed primarily of dolomite and trace amounts of quartz and aragonite. The major 
constituents of the Toroweap Formation are limestone, quartz and trace amounts of 
feldspar. The purities of both dolomite and limestone in the study area are quite high. The 
high bulk concentrations of Mn and Cr in all the three rock types resulted in their high 
concentrations in leached solutions. Surprise Formation released the highest 
concentrations of Cs in all experimental sample sets. This coincides with Farnham et al. 
(2003) observation that groundwater flowing through volcanic rocks might contain 
elevated concentration of Cs. In the case of this study, this was probably caused by the 
very high Cs concentration in the Surprise Formation bulk rock as compared to the other 
two rock formations.  
The lower leaching fractions of trace elements leached from the Bonanza King 
Formation were generally less than those of the other two types of rock. It can be 
concluded that the rock of the Bonanza King Formation is less vulnerable than the other 
rocks, and less easily affected by pH, grain size, and leaching time.  
2.3.3 Speciation and Solubility of Leachates 
Geochemical modeling (e.g., solute speciation and solubility indices) can help us 
analyze the experiment results and fully explain the leaching process. The concentrations 
of major and minor cations and anions in leachates were measured for this purpose. In all 
of the leachates, dominant cations were Ca
2+
 and Mg
2+
. The highest concentrations of 
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Ca
2+
 and Mg
2+
 were 237.2 mg/L in <345 um volcanic rocks and 43.44 mg/L in <345 um 
limestone rocks, respectively, while the lowest concentrations were 12.4 mg/L in 841 μm 
-2.0 mm limestone rocks and 1.18 mg/L in 841 μm -2.0 mm dolomite rocks. The 
prevalence of Na
+
 and K
+ 
were similar in the leachates of all samples sets. Generally, the 
major cation concentrations increased with increasing leaching time and decreasing grain 
size, except for some anomalies possibly resulting from incongruent dissolution. In 
leachates, the dominant anion was SO4
2-
, with the highest concentration being 278.7 
mg/L from <345 um volcanic rocks and the lowest 14.3 mg/L from 841 μm -2.0 mm 
limestone rocks. Obviously, the leaching of Ca
2+
, Mg
2+
, and SO4
2-
 was controlled by the 
chemical composition and mineralogy of the bulk samples. Farnham et al.’s research 
(2003) on the groundwater in the YM area found a correlation coefficient among Ca
2+
, 
Mg
2+
 and SO4
2-
 of 0.93. The similarity of aquifer rocks of YM to the rock formations 
included in this study support the dominance of Ca
2+
, Mg
2+
, and SO4
2-
 in our results. 
Potential geochemical controls on leached trace elements were numerically simulated 
with model fitting, using PHREEQC Interactive 2.8, a geochemical model, along with its 
database phreeqc.dat. In PHREEQC, if the saturation index of the solution to a specific 
mineral phase is positive (or negative), the solution is over-saturated (or under-saturated). 
A zero saturation index (SI) value means the solution is at equilibrium.  
Speciation calculations indicate that free ions Li
+
, and their corresponding SO4
2-
 
complexes are the dominant species of these elements at low pH solutions. Li
+
, free ions 
and their corresponding F
-
 and Cl
-
 complexes comprise major fractions of the dissolved 
 57 
 
elements in the solution leached from the host rocks. For Mn
2+
, free ions were the first 
dominant species and Mn
2+
 hydrolysis products were elevated, while Mn
2+
 and SO4
2- 
complexes were attenuated with increasing pH. The second dominant species of Mn
2+
 in 
alkaline conditions was Mn
2+
 hydrolysis products, and in acidic conditions, Mn
2+
 and 
SO4
2-
. This means that some part of Mn exists in the high pH value as insoluble Mn
2+
 
hydroxides and in the low pH value as soluble Mn
2+
 sulfates. This may be why Mn is one 
of the elements most influenced by pH in all three rock formations. 
Results of saturation modeling showed that some mineral phases have more constant 
saturation indices with respect to changing grain sizes, pH values, and rock types. These 
minerals were anhydrite, celestite, fluorite, and gypsum, and all their saturation indices 
(SIs) were under-saturated, ranging from -2.32 to -1.03, -3.46 to -1.04, -3.38 to -1.41, and 
-2.97 to -0.81, respectively. Other kinds of mineral phases such as manganite and 
pyrolusite showed strong pH dependences. The calculated SIs of all leachates with 
respect to these minerals were under-saturated when pH values were less than 7.5 and 
saturated when pH values were equal or larger than 7.5. SIs of all samples ranged from 
-6.41 to 8.09 for manganite and -15.24 to 11.02 for pyrolusite. The change of SIs was less 
significant for samples with different grain size, but from the same rock formation and 
with the same pH value. There were no consistently positive or negative variation trends 
between fine and coarse particles, based on the saturation calculations. This lack also 
indicates that the impact of grain size on the leaching of trace elements may be limited to 
1 order of SI. The positive SIs (partial precipitations) of mineral phase might be caused 
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by the abundance of corresponding metals in bulk samples. Other geologically reasonable 
mineral phases were obviously under-saturated.  
2.4 Application in Transport Modeling 
The leaching fractions derived from the leaching experiments of trace elements were 
used in the simple conceptual model to consider the fraction of trace elements released 
from host aquifer rocks into groundwater transport. An application case study, the 
transport modeling of major cations, major anions, and U from Yucca Flat to the Amargosa 
Desert, was conducted to take advantage of these preliminary datasets. The fraction 
conceptual model was used to describe the addition of U infiltrating to the groundwater 
system from rainfall on Spring Mountain. The mixing of groundwater from different 
aquifer rocks and recharge sources was also considered. The fitness of the measured and 
simulated concentrations in the groundwater of monitoring wells supported the possibility 
of the groundwater system being partially recharged by the precipitation on Spring 
Mountain. Observed geochemical data were taken from eight wells, shown in Figure 2.1. 
The chemical equilibrium speciation and saturation states of important minerals in 
groundwater from these wells were calculated with PHREEQC INTERACTIVE 2.8. All of 
them were saturated with respect to magnesite, quartz and talc. Furthermore, groundwater 
from Army #1 Water Well, UE 1-q well, and ER 6-1 well was saturated with aragonite, 
calcite, dolomite, iolite, and K-mica, providing control information on the mineral phases 
used in inverse modeling. 
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2.4.1 Inverse Modeling 
Five possible scenarios of currently unknown flow paths (listed in Table 2.1) were 
evaluated through inverse modeling. All inverse modeling scenarios were constrained by 
the measured isotopes δ18O, δD and δ13C (from Hershey and Acheampong, 1997), and 
were required to balance the measured Ca
2+
, Mg
2+
, SO4
2-
 and alkalinity as HCO3
-
. Further 
constraints were added by allowing magnesite and quartz to precipitate while allowing 
dolomite and gypsum to dissolve according to the calculated saturation indices of 
groundwater in the different wells. The UE –5e PW-3 well was not used in examining the 
possible recharge from USGS HTH #3 well, due to its location in the mixing zone of 
Frenchman Flat, which implies that the groundwater in this well may be a mixture of lower 
carbonate and upper volcanic groundwater (Laczniak et al., 1996). If geochemical models 
can be found to reproduce the geochemical evolutions through inverse modeling, under the 
strict controls mentioned above, flow paths may be delineated. In Table 2.1, two valid 
models were fund through inverse modeling, which are capable to explain the difference in 
composition between the groundwater mixture of Cold Creek Spring and Water Well C-1 
and the groundwater of Army #1well due to reactions. Similarly, another two valid models 
were found to explain the difference in composition between the groundwater mixture of 
Cold Creek Spring and Army #1 Water Well and the groundwater of Amargosa Tracer 
Well #2. It can be concluded either that groundwater recharge in the eastern part of the 
study area may be impossible or that USGS HTH #3 well is not a good representative of 
groundwater in the eastern part, which coincides with Hershey and Acheampong’s (1997) 
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work. As for whether the groundwater is recharged from The Spring Mountains 
(represented by Cold Creek Spring), the inverse modeling verified two potential flow 
paths: one from Cold Creek Spring and Water Well C-1 to Army #1 Water Well to 
Amargosa Tracer Well #2, and another from Cold Creek Spring and Army #1 Water Well 
to Amargosa Tracer Well #2. Both scenarios produced models that were capable of 
determining the transfers of phases explaining the possible agrochemical groundwater 
evolution along the two assumed flow paths. The groundwater from The Spring Mountains 
may flow medially, providing recharge either to the south, to the north, or to both the south 
and the north of Army #1. Based on Koonce et al.’s (2006) study using principal 
component analysis (PCA) of 118 groundwater samples, the conclusion was drawn that 
groundwater may also flow from the Spring Mountains to Ash Meadow and to the adjacent 
area.  
 
Table 2.1 Numbers of models and valid models for different flow paths 
Groundwater inverse model scenario  No. of 
models 
No. of 
valid 
models 
From USGS HTH #3 and Water Well C-1 to Army #1 4 0 
From USGS HTH #3 and Water Well C-1 to Amargosa  
Tracer Well #2 
4 0 
From USGS HTH #3 to Amargosa Tracer Well #2 3 0 
From Cold Creek Spring and Water Well C-1 to Army #1 18 2 
From Cold Creek Spring and Army #1 Water Well to  
Amargosa Tracer Well #2 
18 2 
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2.4.2 Transport Modeling 
Inverse modeling suggested that the Spring Mountains might be a source of recharge to 
the groundwater system from Yucca Flat to Amargosa Desert. Thus, one-dimensional 
advective and diffusive transport modeling was conducted, using PHREEQC, along this 
groundwater flow path (from Cold Creek Spring and Army #1 Water Well to Amargosa 
Tracer Well #2). Because of uranium’s stable behavior (Hodge et al., 1996), which may 
provide more valuable hints as to the source tracking and evolution process of 
groundwater, its transport was simulated. The effects of mineral phase, mixing and kinetic 
sorption were also considered in the simulations. Based on Hughes’s research (1966), 
precipitation on the Spring Mountains can recharge the underlying groundwater directly by 
infiltrating into a Carbonate Karst system. In the fraction conceptual model, the 
rainfall-induced U was assumed to be released from the carbonate aquifer, which consisted 
of the upper/middle Toroweap Formation and lower Bonanza King Formation. The rock 
solid surface areas were estimated based on the bulk density and average porosity of the 
carbonate rocks in Southern Nevada aquifers (Berger, 1992) and of the volcanic rocks in 
YM (Flint, 1997). The derived leaching fractions of U from the three grain sizes, in a pH 
7-8 solution, were averaged to estimate the amount of U leached from aquifer rocks during 
precipitation infiltration, which would probably not vary widely in a natural formation, 
composed of many different grain sizes. Complex mechanisms that are often used to 
consider the difference between laboratory and natural conditions were not included in this 
study, the reason being that there is not yet a representative and good way to account for the 
 62 
 
upscale transformation in the leaching process. The calculated fraction of leached U can be 
used as a conservative estimation of contamination due to leaching. The mean 
concentrations of major cations and anions in the precipitation (snow) in the Spring 
Mountains were referenced from Gǘler and Thyne (2004). It was suggested that the rate of 
the infiltrated rainfall discharged to the Spring Mountains through the karst system was 
over 400 m
3
/mon (Hughes, 1966). The U contained in rainfall was also neglected, because 
of the minute amount and absence of data. The arithmetic mean of the U leaching fraction 
of three grain sizes in Bonanza King Formation and of Toroweap Formation was used to 
quantify the extra U leached from Karst. Then, the U carried by infiltrated precipitation 
was added into the groundwater and allowed to migrate along the flow paths. The 
calculated results match well with the measured values, except for those of chloride and 
sodium, as shown in Figures 2.8 and 2.9, and Table 2.2. Along the modeled flow path, the 
concentration of calcium decreased, as a result of the precipitation of calcium minerals, 
while the concentration of sodium increased due to the intensive evaporation and the 
influence of the mineral phase. The calculated sodium concentration is lower than the 
measured concentrations. One of possible reasons is that the recharge from Water Well 
C-1, containing quite a high level of sodium, was not included in this transport modeling 
because of its location in the complex mixing zone of Frenchman Flat (Laczniak et al., 
1996). In the absence of a measurement of the U concentration in Amargosa Tracer Well 
#2 during the same period, the simulated U concentration was compared with the measured 
range in wells (Koonce, 2004) in the Amargosa Desert region. The measured concentration 
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of U is still close to the simulated value, which has been exaggerated by the experimental 
conditions. These results indicate that leaching from the carbonate Karst system doesn’t 
significantly account for U concentration in groundwater of Amargosa Tracer Well #2. 
They also show that U concentration is quite stable and that its variation likely resulted 
from changes in concentration in groundwater inflow.  
 
 
 
Figure 2.8 Simulated results of cation transport from the Spring Mountains to Amargosa 
Desert with comparison to the measured cation concentrations. Black solid 
line- simulated calcium concentration; black dot line- simulated magnesium 
concentration; black dashed line- simulated sodium concentration; black dot 
dashed line- simulated uranium concentration.   
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Figure 2.9 Simulated results of anion transport from the Spring Mountains to Amargosa 
Desert with comparison to the measured anion concentrations. Black solid line- 
simulated carbonate hydrate concentration; black dot line- simulated sulfate 
concentration; black dashed line- simulated chloride concentration. 
 
 
Table 2.2 Measured and calculated concentrations of groundwater in Amargosa Tracer 
Well #2 
 Major ion concentration 
(mg/L) 
 
pH 
Tracer element 
(ppb) 
 Cl
-
 SO4
2-
 HCO3
-
 Ca
2+
 Mg
2+
 Na
+
  U 
Measured 
concentration 
29.9 36.5 291 44.5 19.6 64.6 7.4 2.20-5.70
a
 
Calculated 
concentration 
46.2 36.7 271.7 54.1 19.5 47.8 7.5 2.34 
 Note: 
a
 measured values of the wells (Koonce, 2004) in the Amargosa Desert region. 
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2.5 Conclusions 
The concentrations of trace elements in the leached solution are mainly controlled by 
geochemical and mineralogical factors. The abundance of trace elements in the bulk rock 
samples led directly to their elevated levels in the leaching solution. Comparison of the 
leaching results of the three formation rocks indicates that mineralogy also exerts 
significant influence on trace element leaching. The Bonanza King Formation showed 
less leachablility than rocks of the other two formations because of its dominant and 
secondary minerals. The reasons for this could be: (1) Bonanza King Formation has a 
long diagenetic history and stable minerals, so trace elements are not easily leached out 
of the rock; (2) different secondary minerals in fractures might cause decreased 
leachability of trace elements in Bonanza King Formation rocks; and (3) different pH 
values could affect the solubility of trace elements and saturation indices. Similarly, Zhou 
et al.’s (2006) research showed that the leaching solution from the Surprise Formation 
contained higher concentrations of rare earth elements (REEs) than that from the 
Bonanza King Formation. The host minerals’ effect on the leaching of trace elements 
might be one of the reasons for this difference, e.g., the easily weathered and unstable 
glass or silicates (Piatak et al., 2004) contained in the Surprise Formation volcanic rocks 
(White et al., 1980). Geochemical simulation also calculated saturation indices of the 
Cambrian dolomite (Bonanza King Formation) that were consistently less than those of 
the Permian limestone (Toroweap Formation) and the Tertiary volcanic rock (Surprise 
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Formation). The lower saturation indices indicate that a lower amount of trace elements 
were leached from rocks in the Bonanza King Formation.  
Leached trace elements showed a positive general trend with a longer duration of 
leaching, despite the existence of incongruent dissolution. The concentrations of the 
leached trace elements were obviously attenuated with increasing grain size, mainly 
because of the decreased particle interacting surface. However, it is difficult to rank the 
influences of grain size, leaching time, and pH value because these factors are measured 
with different and unconvertible units. Based on saturation calculation, it was shown that 
free ions Li
+
, and its corresponding SO4
2-
 complexes are the dominant species of this 
element. As for Mn
2+
, free ions were the first dominant species, Mn
2+
 hydrolysis products 
were elevated, and Mn
2+
 and SO4
2-
complexes were attenuated with increasing pH. 
Saturation calculation showed that two kinds of mineral phases existed: a mineral phase 
with relatively constant solubility; and a mineral phase with variable solubility. The 
partial precipitation of mineral phases was mainly caused by the abundance of 
corresponding metals in bulk samples, while other geologically reasonable mineral 
phases were obviously under saturated.   
Leaching experiments provided preliminary datasets for the conceptual model that 
quantified the fraction of trace elements released from the host rock, which is very useful 
to transport modeling. The derived leaching fractions were used in the fraction 
conceptual model to estimate the extra addition of U to groundwater due to rainfall 
infiltrating through aquifer rocks. The measured results matched well with the values 
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calculated by using the transport modeling of groundwater flow from Cold Creek Spring 
and Army #1 Water Well to Amargosa Tracer Well #2. The leaching fractions of U 
derived from leaching experiments were reasonable and were used as the preliminary 
datasets for the transport modeling. The results of the inverse and transport modeling also 
imply that rainfall on the Spring Mountains may recharge the groundwater system in 
Amargosa Desert or Ash Meadows, or both.  
Further studies should be conducted to conceptualize models for quantifying the 
fractionation and redistribution of trace elements, with the inclusion of upscaling 
techniques, to delineate more complicated groundwater flow paths, and to investigate the 
important interaction between water and rock in Southern Nevada. These will be very 
beneficial to the transport modeling in the region. 
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CHAPTER 3 
SORPTION AND SURFACE COMPLEXATION MODELING OF YTTERBIUM AND 
EUROPIUM ON VOLCANIC ROCKS AT THE NEVADA TEST SITE (NTS) 
 Batch adsorption experiments were conducted to investigate the adsorption behavior 
of rare earth elements (REEs) on the volcanic rocks at NTS. Observed adsorptions of 
ytterbium (Yb) and europium (Eu) were simulated respectively with two surface 
complexation models (SCM): the constant capacitance model (CCM) and triple-layer 
model (TLM) implemented in a geochemical model, HYDRAQL. Through comparison, 
TLM was selected as a preferred model being capable of yielding a better agreement with 
observed adsorption edges. Parameters of TLM were optimized including intrinsic acidity 
constants, surface binding constants and capacitance to reduce uncertainty of estimation. 
After parameter optimization and justification, the experimentally derived 
thermodynamic-based TLM was used to simulate adsorption isotherm and estimate 
distribution coefficients, Kd. In doing so, estimation error of Kd can be significantly 
reduced with TLM due to its advantage of wide application to ionic strength and pH. This 
research may suggest that the SCM can be coupled into transport models to describe 
adsorption reactions of REEs in the groundwater system of Nevada Test Site (NTS) and 
adjacent areas. This research is significant in studying adsorption reactions of REEs on the 
volcanic rocks and describing these reactions with thermodynamic SCM instead of 
empirically limited methods. This research may reduce prediction uncertainty of trivalent 
actinides transport by analogizing adsorption behaviors of REEs to those of trivalent 
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actinides (e.g., uranium, neptunium, plutonium), which can help us to better evaluate and 
operate the performance of Yucca Mountain repository. 
3.1 Introduction 
Sorption reactions have been studied extensively at the interface of water and 
individual minerals including quartz, hematite, goethite, kaolinite, biotite, magnetite, 
feldspar, and montmorillonite, among others (Chen et al., 2006; Peacock and Sherman, 
2003; Harris, 2006; Takahashi et al., 2004). Many valuable studies have contributed to the 
understanding of sorption mechanisms and factors’ impacts. Aamrani et al. (2001) 
investigated the sorption of uranium on olivine-rock under different pH, solid surface to 
volume ratio and uranium concentration. They found that the amount of carbonate 
complexation has a negative effect on the sorption of uranium. They also derived the 
stability constants of uranium species with a surface complexation model. Ikhsan et al. 
(2005) employed the surface complexation model and attenuated total reflectance-FTIR to 
study the sorption of multi-valence aminopyridine on montmorillonite. The research 
showed that different sorption behaviors of different aminopyridine complexation and 
calcium cation are more competitive than the potassium cation with aminopyridine for 
o-plane. However, as a fact, the absorbents in real environments are a mixture of 
amorpous/disordered phases and minerals. Based on the intensive sorption results of single 
mineral cases, how to come up with sorption behavior on mixed minerals is extremely 
worth studying. Pananelli et al. (2005) conducted a potentiometer titration and lead 
sorption on various minerals and their mixture. A unified model with a three peak 
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distribution function for proton affinity constants successfully simulated the lead sorption 
isotherms of individual and mixed minerals.  
Based on studies (Choppin and Stout, 1989, Krauskopf, 1986, and Johannesson et al., 
1993), it has been generally accepted that rare earth elements can be the chemical 
analogues of trivalent actinides due to their similar valences and group behaviors. Many 
studies about sorption behavior of REEs have been completed in the past decade (Dev et 
al., 1998; Gelis et al., 2003; and Zavarin et al., 2005). Many numerical models were 
proposed to simulate and reproduce experimental adsorption data. Surface complexation 
model (SCM) is one of these numerical models, which has superiority over the empirical 
techniques including distribution coefficient, Langmuir isotherm, and Freundlich 
isotherm. SCM has become a prevalent approach to analogize the interactions between 
water and solid surface based on thermodynamics. The derived intrinsic equilibrium 
constants from SCMs only are dependent on the identities of adsorbates and adsorbents, 
independent on the characterization of solutions such as pH, adsorbate load and solution 
composition (Koretsky, 2000). Microscopic and spectroscopic techniques (e.g., atomic 
force microscopy, X-ray absorption spectroscopy) are capable of characterizing mineral 
phases and geometric details of adsorbents. It is a current direction in adsorption studies to 
integrate microscopic and spectroscopic approaches for better investigating the water-solid 
interaction. Montavon et al. (2002) used a constant capacitance model (CCM) to simulate 
the sorption properties of europium (Eu) on mixed minerals under different metal ion 
concentration. Ternary surface sites were used in CCM in simulating Eu sorption in high 
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concentration solutions. The ternary sites were proved by the findings of a laser-induced 
fluorescence spectroscopy (LIFS). An extended X-ray absorption fine structure 
spectroscopy (EXAFS) was used by Schlegel et al. (2004) to study Eu retention by a 
calcium silicate hydrate. They found that Eu was sorbed or coprecipitated at Ca sites in a 
C-S-H-like environment. Quinn et al. (2006) used a surface complexation equation to 
calculate the competition and surface complexation of Yb and REEs onto amorphous ferric 
hydroxide. Equilibrium constants of Yb and REE surface species were estimated and 
compared with the previously published data. Chen et al., (2006) used macroscopic and 
spectroscopic techniques to study the metal sorption at the interface between water and 
oxides. Results of the two techniques showed strontium presented in outer-sphere 
complex, cobalt presented in solid phase, and lead presented in inner-sphere complex. In 
the solution of low ionic strengths, the prevalent adsorption mechanisms of cobalt and lead 
appeared different.   
The risk of contamination of transuranic or actinide elements determines design and 
operation of nuclide waste repositories in the YM and NTS area. Sorption reactions have 
been regarded as one of most important processes for some radionuclide transport in this 
regional groundwater system (Ogard et al., 1984). The proposed waste repository of YM 
will be set in felsic volcanic rocks which are distributed widely in the NTS and YM area. 
The investigation of REEs adsorption on volcanic rocks can really help us understand the 
retention and predict the possible migration of transuranic radionuclides in this area. 
However, few studies about REEs sorption onto volcanic rocks have been published. 
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Furthermore, fewer studies of lanthanides were found than those of actinides, especially 
their sorption on natural rocks and the relevant modeling of surface complexation 
reactions. In order to enhance our understanding of adsorption, prediction of lanthanide 
transport and evaluation of potential  contamination of radionuclides in the YM and NTS 
area, batch adsorption experiments and surface complexation modeling of Yb and Eu were 
conducted in this research.  
In Katz and Hayes’s study of surface complexation modeling (Katz and Hayes, 1994a), 
a self-consistent calibration approach was able to produce a unique set of surface ionization 
parameters through FITEQL optimization. Their research showed that the TLM can be 
used for the moderate sorption coverage even when the particle concentration changes by 
three orders of magnitude. The sorption and desorption of Yb(Ш) on hematite and alumina, 
respectively, were simulated with FITEQL based on experimental results (Marmier et al., 
1996). There was a good agreement between measured and simulated sorption and 
desorption of Yb(Ш) with considering the hydroxylate surface complexation. Reversibility 
and irreversibility of sorption were fund respectively in the low and high surface loading 
solutions. Curtis et al. (2006) calculated the Kd of uranium by using a laboratory derived 
surface complexation model. Comparison of the laboratory derived Kd and in situ Kd 
indicated that SCM can be used to describe the sorption in the field. The surface 
complexation model has become the prevalent tool for simulating sorption reactions and 
providing crucial information for reactive pollutants transport. Obviously, the selection of 
key surface complexation reactions and calibration of reaction parameters are extremely 
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important. Katz and Hayes (1994 a, b) presented strategies to modeling the monomer 
complexation at moderate surface coverage and polymer complexation at moderate or high 
surface coverage. For the case of moderate surface coverage, different factors’ effects on 
sorption results of various surface complexation models were analyzed. For the case of 
high surface coverage, three improved models were presented and exemplified to consider 
the co-precipitation in sorption process. 
Based on the studies discussed above, the experimentally derived parameters of surface 
complexation reactions may be varied over several orders of magnitude under different 
conditions including ionic strength, pH and the ratio of surface area to particle 
concentration. In order to attenuate the impacts of factors and reduce the uncertainty of 
practical application, an optimization software, PEST-parameter estimation tool, was used 
to fit and optimize the derived parameters of Yb and Eu in this study. The detailed method 
of optimization was described by Katz and Hayes (1994a and 1994b). Here, the previous 
results of spectroscopic technique (Tertre et al., 2006; Piasecki and Sverjensky, 2008) 
were used to justify and interpret the observed adsorption phenomenon in this study as 
well.  
According to batch reactor experiments, we derived the primary parameters of sorption 
and conceptualized SCM to simulate specific sorption processes of Yb and Eu, 
respectively. CCM and triple-layer model (TLM) embedded in HYDRAQL were used to 
simulate the sorption envelopes of Yb and Eu from six matrix/fracture sample sites in the 
YM and NTS area. By comparing simulated and experimental results, an appropriate SCM 
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was selected for optimization with PEST. Then the improved SCM can be incorporated 
into the flow and solute transport model with good transferability and reliability. This 
study has significance in studying the existence of the two lanthanides’ adsorption 
behavior using batch reactor experiments and SCM. This study also can provide optimized 
thermodynamic parameters using PEST tool to obtain best fitted adsorption envelopes for 
the numerical modeling of the real water/rock interaction.  
3.2 Materials and Methods 
3.2.1 Materials 
Rock samples were collected from five cores, respectively, from the Western Pahute 
Mesa (WPM) in the NTS site and around the YM region. These cores are UE18R2228, 
UE20C2908, UE20C2855, PM-14823 and PM-2-4177 shown in Figure 3.1 (Shundahai 
Network, 2007). In order to investigate the impact of the adsorbent surface’s property on 
the adsorption behavior of solvents, the fracture and matrix samples were prepared. By 
cutting significant fracture surface from the core rocks, the two types of rock samples 
were obtained to tentatively evaluate the adsorption on oxidized surface and fresh surface 
respectively. The rock samples fall into the range from 44 μm to 149 μm after cutting, 
grinding, and sorting with different sieves.  
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Figure 3.1 Rock sample site for batch reactor experiments- Pahute Mesa located in area 
19 of Nevada Test Site 
(from http://www.shundahai.org/area_19_nts.htm) 
 
The mineralogy of the rock samples were analyzed by the Los Alamos National 
Laboratory (LANL) with X-ray diffraction (XRD). The XRD analysis showed that rock 
samples are mainly composed of quartz, feldspar and other minor amounts of smectite, 
hematite and mica, shown in Table 3.1 (Papelis and Um, 2002). The obvious dark coating 
of the fracture surfaces from three sample sites were identified as Mn and/or Fe oxides. 
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Table 3.1 Mineralogy composition of the rock samples from the sample sites in WPM  
Sample site Porosity (%) Main minerals 
UE18R2228 Fracture 3.65 Quartz (28%); Feldspar (66%) 
UE18R2228 Matrix 2.0 Same as above 
UE20C2908 Matrix 28.8 Quartz (37%); Feldspar (57%) 
UE20C2855 Matrix 15.0 Quartz (34%); Feldspar (65%) 
UE20C2855 Fracture 14.8 Same as above 
PM-1-4823 Matrix 26.3 Quartz (39%); Feldspar (55%) 
PM-1-4823 Fracture 28.0 Same as above 
PM-2-4177 Matrix 13.0 Quartz (30%); Feldspar (50%) 
 
3.2.2 Experiments 
Yb and Eu adsorptions were studied through laboratory batch reactor experiments. 
Every 10 mL test tube was filled with WPM rock powders, synthetic groundwater of 
NTS and the metal ion of ytterbium and europium, respectively. Nitric acid and sodium 
hydroxide were used to obtain different desired pH values. The solid concentration was 3 
g/L in the series of batch sorption experiments. The initial Yb concentration was 10
-6
 M 
made from a pure 99.999% ytterbium (III) chloride hexahydrate (Fisher Scientific); the 
initial Eu concentration was 10
-7
 M made from a pure 99.9% europium (III) nitrate 
hexahydrate (Fisher Scientific). In batch adsorption experiments, blank samples were 
prepared without rock adsorbents with pH ranging from about 3 to 9. The experimental 
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results showed that no larger than 3% of the relative change in concentrations were 
found. After 48 hours of end-over-end rotation, the equilibrium samples were centrifuged 
for 10 minutes at 7000 rpm to separate solid and solution. Then the supernatant solutions 
were diluted for the cation concentration analysis of interest with an atomic absorption 
spectroscopy (AA, PerkinElmer 4110ZL). All measurements of AA were made in 
duplicates for quality control and assurance. The pH of each remaining supernatant 
solution was measured with a pH meter and the temperature during the whole experiment 
process was controlled within 22±2 
o
C. Finally, the adsorption envelopes of Yb and Eu 
on the volcanic rocks from NTS were obtained by plotting uptake percentages vs. pHs. 
In order to quantify sorption, SCMs were used to simulate the observed absorption 
edges of Yb and Eu, respectively. Specific surface areas of crushed rock samples, an 
important geochemical parameter in SCM, were measured by the static BET method and 
shown in Table 3.2 (Papelis and Um, 2002).  
 
Table 3.2 Specific surface area of the rock samples from WPM 
Sample site Specific surface 
area (m
2
/g) 
Sample site Specific surface 
area (m
2
/g) 
UE18R2228 Fracture 0.9996 UE20C2855 Fracture 3.259 
UE18R2228 Matrix 1.147 PM-1-4823 Matrix 5.652 
UE20C2908 Matrix 5.246 PM-1-4823 Fracture 4.987 
UE20C2855 Matrix 3.759 PM-2-4177 Matrix 4.707 
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3.2.3 Surface Complexation Modeling 
HYDRAQL 1.0 (Papelis et al., 1988) used in this study is a geochemical equilibrium 
model including four types of SCMs, which are constant capacitance model (CCM), 
electric double layer model (DLM), basic Stern model (BSM) and three layer model 
(TLM). Only CCM and TLM were selected to numerically model adsorption of Yb and 
Eu. In CCM, the potential of the electric double layer is constant and five parameters are 
needed including protonation, deprotonation, site density, specific surface area, and 
electric capacitance. TLM can be regarded as a transformed CCM by adding a middle 
layer to consider strong and weak binding forces. Surely, extra parameters are needed in 
TLM besides these five parameters mentioned above.  
The acid-base surface reactions in CCM and TLM are expressed as follows: 
+ int
1 0
[ ][ ]
+H       exp( / )
[ ]
a
XO H
XOH XO K F RT
XOH
                   (3.1) 
+ int 2
2 2 0
[ ]
H       exp( / )
[ ][ ]
a
XOH
XOH H XO K F RT
XOH H
                 (3.2) 
where XOH is a reactive surface functional group, XO is a negative surface group caused 
by deprotonation of XOH, F is the Faraday constant, ψo is the potential at surface, R is the 
idea gas constant, T is the absolute temperature, and [] represent the activity. 
3.2.3.1. Surface Complexation Reactions in CCM 
The mineral acid-base properties of adsorbents were described with stability constants 
(stoichiometries) in CCM, while the interaction of electrolyte ions and variable ionic 
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strength were not taken into account. Only three parameters, including the specific 
surface area of the suspended solid, initial concentration of the suspended solid, and 
capacitance of the inner layer, are needed in surface modeling of CCM. Compared with 
TLM, CCM obviously has the merits of fewer parameters required and less interference 
of parameters due to the simpler mechanism.  
For Yb adsorption, the two following surface complexation reactions were considered 
in CCM modeling: 
)/2exp(
]][[
]][[
K       03
2
int
Yb1
23 RTF
YbXOH
HXOYb
XOYbHYbXOH      (3.3) 
]][[
]][[
K       3H)(2
3
3
int
Yb222
3
YbXOH
HXOYbOH
OHXOYbOHYbXOH    (3.4) 
For Eu adsorption, the two surface complexation reactions similar to Yb adsorption 
were considered in CCM modeling: 
)/2exp(
]][[
]][[
K       03
2
int
Eu1
23 RTF
EuXOH
HXOEu
XOEuHEuXOH      (3.5) 
]][[
]][[
K       3H)(2
3
3
int
Eu222
3
EuXOH
HXOEuOH
OHXOEuOHEuXOH    (3.6) 
For a given adsorption system (sample site), the stability constants should be strictly 
determined by the adsorbent property, no matter what the medium composition is. 
Theoretically, the stability constants derived respectively from Yb and Eu adsorption 
experiments should be consistent for each sample spot.  
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3.2.3.2. Surface Complexation Reactions in TLM 
In order to consider different binding strengths of adsorbents, an additional layer is 
added in TLM, resulting in an outer layer. Also the interaction of electrolyte ions and 
ionic strength are considered by two additional parameters describing concentrations and 
charges of electrolyte ions in the adsorption system. Thus, three more parameters 
including the capacitance of the outer layer, concentration of the symmetric electrolyte, 
and charge of the symmetric electrolyte, are needed in surface modeling of TLM. In this 
study, the Yb cation was placed in the o-plane; NO3
- was placed in the β-plane. The 
reactions and stoichiometries for Yb in TLM are expressed as following: 
int
0
[ ][ ]
      exp( ( ) / )
[ ][ ]
cat
XO Na H
XOH Na XO Na H K F RT
XOH Na
  (3.7) 
int 2 3
3 2 3 0
3
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Similarly, the reactions and stoichiometries for Eu in the triple-layer model are 
expressed as following: 
int
0
[ ][ ]
      exp( ( ) / )
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XO Na H
XOH Na XO Na H K F RT
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)/exp(
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The stoichiometries, respectively, for adsorptions of Yb and Eu in each adsorption 
system (sample site) should be the same assuming that the experimentally derived 
parameters in TLM are self-consistent. The results will be discussed in detail and 
comparisons performed in the following section for different matrix and fracture surfaces 
of each sample site. 
3.3 Results and Discussion 
Both adsorptions of Yb and Eu showed pH-dependent behavior at the eight sample 
sites. From Figures 3.2 and 3.3, the adsorbed Yb was increased with increasing pH 
around pH of 3 from a small uptake for most of sample sets. When pH fell in the range 
from 5 to 6, adsorption attained a full saturation and continued to high pH values. 
Adsorption behavior of Yb
3+
 suggests that it is a moderately to weakly binding cation 
electrostatically attracted by the charged surface to form the outer-sphere complexation. 
Conclusively, the observed sorption of ytterbium at low pH was limited by ion exchange 
and sorption on the hydroxyl sites; while enhanced by the strong hydrolysis tendency at 
high pH. The reaction equations and simulation results of TLM can satisfactorily and 
qualitatively explain the competition among complexation of surface free hydroxyl 
groups and hydrolysis of Yb at different pHs. 
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The reversibility of Yb adsorption respectively on Hematite and Alumina may occur 
at low surface loading and no desorption of Yb at high surface loading (Marmier and 
Fromage, 1996). Coppin et al. (2002) used an isotopic exchange between clay and 
solution as an analogue of the microscopic reversibility of sorption of Sm and Yb on 
kaolinite and smectite. Their results showed that the sorption reversibility of Sm and Yb 
were not complete for both smectite and kaolinite. And lanthanides were easily to form as 
the outer-sphere complexes than atoms to be absorbed as inner-sphere complexes. There 
is a good agreement between the previous research and our simulation about Yb 
adsorption on volcanic rocks.  
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Figure 3.2 Adsorption envelope of Yb on the matrix and fracture surfaces of rock sample 
collected at UE18R-2228 site. The data show that adsorption of Yb was 
positively proportional to pH and became saturated around at pH 5-6.  
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Figure 3.3 Adsorption envelope of Yb on the matrix and fracture surfaces of rock sample 
collected at UE20C-2855 site. The data show that adsorption of Yb was 
positively proportional to pH and became saturated around at pH 5-6.   
 
Europium adsorption showed two different sorption mechanisms shown in Figures 
3.4 and 3.5. With increasing pH, the adsorbed uptake of Eu was enhanced and obtained a 
peak at pH range from 6 to 7 and then decreased. So the mechanism of Eu adsorption 
seemed more complicated with two processes. The reaction equations and simulation 
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results of TLM can qualitatively demonstrate the ion exchange with hydrogen ions is 
dominant at low pH, whereas, the metal binding by specific sites might dominate at high 
pH. Based on the derived constants of the surface complexation reactions in TLM, the 
point of zero charges of the eight volcanic rock surfaces were the same at the pH of 5.3. 
The laboratory adsorption measurement agreed well with the calculated value. This value 
demonstrated that the volcanic rock surface is protonated when pH is lower than 5.3 and 
the adsorption is simple electrostatic interactions. When pH is higher than 5.3, the 
adsorption cannot be explained only as electrostatic ion exchange reactions. Some 
researchers also found the similar adsorption behavior of As (Decker et al., 2006). Clark 
et al. (1998) outlined that some factors of Eu adsorption in the sandy soils included pH, 
ionic strength, Eu concentration, competing cations and soil aging. Regarding the 
limitation of SCM on describing the real complicated geochemical situation, they 
suggested some factors which may help explain the measured Eu transport in the field. 
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Figure 3.4 Adsorption envelope of Eu on the matrix and fracture surfaces of rock sample 
collected at UE18R-2228 site. The data show that adsorption of Eu obtained a 
peak at pH 6-7.   
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Figure 3.5 Adsorption envelope of Eu on the matrix and fracture surfaces of rock sample 
collected at UE20C-2855 site. The data show that adsorption of Eu obtained a 
peak at pH 6-7. 
 
Apparently, there exist the buffering plateaus around the point of zero charges pHPZC 
(or the pH of zero net protonization) for both adsorptions of ytterbium and europium.  
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3.3.1 Comparison between Sample Sites 
It is obvious that the adsorption uptakes of Yb and Eu are both proportional to pH 
value. Higher pH value, the surface hydroxyl sorption sites are more negatively charged 
which leads to the higher adsorption of Yb and Eu. This may indicate that the retardations 
of Yb and Eu are unignorable in WPM aquifer and groundwater system. Additionally, the 
results showed that sorptions of Yb and Eu on matrix and fracture surfaces are not that 
different according to observed experiments and derived parameters of SCM for each 
same site. For the same rock sample, slight differences between adsorptions on matrix 
and fracture surfaces were also observed in the research of Papelis and Um (2003). The 
reason for limited impacts of adsorption surface is probably due to their similar 
mineralogy and close specific surface area. 
3.3.2 Comparison between Surface Complexation Models 
Generally, the model with complicated mechanism and parameters has more 
flexibility of correct simulation of surface complexation reactions. The parameters of 
CCM and TLM for different samples are listed in Tables 3.3 and 3.4 respectively. 
Compared with the TLM, the simulated sorption results of CCM are not as good as those 
of the TLM but with the advantage of less parameter estimation and less interference of 
parameters. In CCM, the competition of the sorbing ions cannot be accounted in this 
model even though they have different binding capacities. In TLM, the weakly binding 
ions can be considered into the sorption competition due to adding an extra plane-β plane. 
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The pHs of zero net surface charges, pHPZC, of the eight solid surfaces are very close 
according to ∆( pKa1 - pKa1) of TLM. 
 
Table 3.3 Parameters in the constant capacitance model (CCM) respectively for ytterbium 
and europium respectively 
Ytterbium 
Sample sites pKa1 pKa2 pKYb1 pKYb2 Capacitance 
(Fm
-2
) 
Site density 
UE18R2228 Fracture 10 8 -5 10.2 0.7 2 
UE18R2228 Matrix 10 8 -5 9.2 0.7 2 
UE20C2908 Matrix 10 8 -5 10.2 0.7 2 
UE20C2855 Matrix 10 8 -4 10.6 0.7 2 
UE20C2855 Fracture 10 8 -4 10.6 0.7 2 
PM-14823 Matrix 10 8 -5 9.2 0.7 2 
PM-1-4823 Fracture 10 8 -5 9.6 0.7 2 
PM-2-4177 Matrix 10 8 -5 9.2 0.7 2 
Europium 
Sample sites pKa1 pKa2 pKEu1 pKEu2 Capacitance 
(Fm
-2
) 
Site density 
UE18R2228 Fracture 10 8 -4 10.2 0.7 2 
UE18R2228 Matrix 10 8 -4 7.0 0.7 2 
UE20C2908 Matrix 10 8 -4 12.0 0.7 2 
UE20C2855 Matrix 10 8 -4 10.6 0.7 2 
UE20C2855 Fracture 10 8 -4 9.2 0.7 2 
PM-14823 Matrix 10 8 -4 8.7 0.7 2 
PM-1-4823 Fracture 10 8 -4 6.2 0.7 2 
PM-2-4177 Matrix 10 8 -4 7.0 0.7 2 
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Table 3.4 Parameters in the triple layer model (TLM) for ytterbium and europium 
respectively 
Ytterbium 
Sample sites pKa1 pKa2 pKcat pKan pKYb1 pKYb2 Capacitance 
(Fm
-2
) 
Site 
density 
UE18R2228 Fracture -6.8 3.8 -8.5 8.5 10.1 4.7 0.7 2 
UE18R2228 Matrix -6.8 3.8 -8.5 8.5 9.3 4.7 0.7 2 
UE20C2908 Matrix -6.8 3.8 -8.5 8.5 9.7 4.7 0.7 2 
UE20C2855 Matrix -6.8 3.8 -8.5 8.5 10.3 4.7 0.7 2 
UE20C2855 Fracture -6.8 3.8 -8.5 8.5 10.1 4.7 0.7 2 
PM-14823 Matrix -6.8 3.8 -8.5 8.5 9.1 4.7 0.7 2 
PM-1-4823 Fracture -6.8 3.8 -8.5 8.5 9.1 4.7 0.7 2 
PM-2-4177 Matrix -6.8 3.8 -8.5 8.5 9.1 4.7 0.7 2 
Europium 
Sample sites pKa1 pKa2 pKcat pKan pKEu1 pKEu2 Capacitance 
(Fm
-2
) 
Site 
density 
UE18R2228 Fracture -6.8 3.8 -8.5 8.5 9 4.7 0.7 2 
UE18R2228 Matrix -6.8 3.8 -8.5 8.5 8.1 4.7 0.7 2 
UE20C2908 Matrix -6.8 3.8 -8.5 8.5 11.2 4.7 0.7 2 
UE20C2855 Matrix -6.8 3.8 -8.5 8.5 9.3 4.7 0.7 2 
UE20C2855 Fracture -6.8 3.8 -8.5 8.5 9.1 4.7 0.7 2 
PM-14823 Matrix -6.8 3.8 -8.5 8.5 9.3 4.7 0.7 2 
PM-1-4823 Fracture -6.8 3.8 -8.5 8.5 8.5 4.7 0.7 2 
PM-2-4177 Matrix -6.8 3.8 -8.5 8.5 9.3 4.7 0.7 2 
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3.3.3 Parameter Optimization and Identification 
Although surface complexation modeling has been intensively practiced in last three 
decades, there are many uncertainties in parameters estimation. The relevant investigation 
showed that a range of the intrinsic acidity constant and the background electorate 
surface complexation reaction constants can fit the experiment sorption results equally 
well. Unclear sorption mechanisms and amorphous parameter interferences impose 
uncertainty in numerical modeling. This situation makes optimization and justification of 
parameters quite necessary. According to the experimental protocols presented by Hayes 
et al. (1991), optimized parameters (the best fit) of TLM for Yb and Eu adsorptions on 
volcanic rocks were conducted as follows.  
3.3.3.1 Optimization of TLM Parameters 
 Based on Hayes et al’s sensitivity analysis (1991), a unique set of parameters for 
SCM can be obtained to match the observed adsorption behavior. In TLM, seven 
parameters can be optimized to match the measured adsorption edges, including two 
surface protolysis constant parameters (Ka1 and Ka2), inner-layer capacitance (C1), 
outer-layer capacitance (C2), surface sites, and two electrolyte surface-binding constants 
(Kan and KCat). The site density can be derived from the measured values including 
surface area, site density and solids concentration. In this study, the site densities of 
different sample sites were not measured by using a standard tritium exchange 
measurement. Instead, a fixed site density of 2 sites nm
-2
 was used for each sample site 
because of its less influence (Hayes et al., 1991) and requirements of standardization of 
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surface complexation modeling (Davis and Kent, 1990). A usually selected value of outer 
capacitance, 0.2 F/m
2
, was assigned to C2 in TLM simulation. Hayes et al. (1991) found 
that the two optimized electrolyte binding constants are insensitive to change when 
apK  is equal to 4. There is no compelling way to directly measure integral capacitance 
(C1), a suggested range from 0.6 F/m
2
 to 1.2 F/m
2
 was selected by referencing (Hayes et 
al., 1991). 
The optimization was divided into two steps: (1) firstly, to perform the sensitivity 
analysis of C1 by changing its value from 0.6 F/m
2
 to 1.2 F/m
2
 while keeping other 
parameters constant and to choose the suitable value of C1 which should correspond with 
the minimum of calculated model fits; (2) secondly, to perform the sensitivity analysis of 
the two surface protolysis parameters by changing a
pK
 from 0 to 8 while keeping the 
suitable C1 and other parameters constant. 
The adjustable parameters of TLM were optimized to obtain a unique best-fit by 
adopting a “standard” protocol for avoiding nonunique fits (Hayes et al., 1991). A 
nonlinear parameter estimation and optimization package, PEST - parameter estimation 
technique (Doherty, 2004), was linked with TLM to run together in the parameter 
optimization iteration. PEST is model-free meaning that this package is not limited by the 
existing models containing parameters to be estimated or optimized. PEST is able to be 
linked with a model, running to adjust the parameters until results of the existing model 
match well with measurements. The method of weighted least squares is applied in 
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PEST. Optimized parameters of TLM are listed in Table 3.5, which would be justified 
and compared with other relevant researches in the flowing section.  
 
Table 3.5 Optimized intrinsic surface complexation constants of TLM  
Yb 
Sample Site pKa1 pKa2 pKcat pKan 
Capacitance 
(Fm
-2
) 
UE18R2228 Fracture -6.349 3.548 -8.500 1.000 1.200 
UE18R2228 Matrix -6.603 3.690 -8.500 1.000 1.200 
UE20C2908 Matrix -5.817 3.251 -8.500 9.541 1.200 
UE20C2855 Matrix -6.693 3.740 -8.500 12.00 0.657 
UE20C2855 Fracture -6.253 3.494 -8.500 8.500 0.651 
PM-1-4823 Matrix -6.611 3.694 -8.500 8.504 0.707 
PM-1-4823 Fracture -8.306 4.642 -8.500 1.000 1.200 
PM-2-4177 Matrix -6.800 3.800 -8.500 8.500 0.700 
Eu 
Sample Site pKa1 pKa2 pKcat pKan 
Capacitance 
(Fm
-2
) 
UE18R2228 Fracture -6.934 3.875 -8.500 12.000 0.700 
UE18R2228 Matrix -6.846 3.826 -8.500 11.648 0.600 
UE20C2908 Matrix -6.342 3.544 -8.500 8.500 0.600 
UE20C2855 Matrix -6.791 3.795 -8.500 9.206 1.200 
UE20C2855 Fracture -6.943 3.880 -8.500 8.500 1.200 
PM-1-4823 Matrix -6.162 3.443 -8.500 12.00 0.600 
PM-1-4823 Fracture -6.822 3.812 -8.500 1.00 0.600 
PM-2-4177 Matrix -4.058 2.267 -8.500 12.00 0.600 
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The “composite sensitivity” of each adjustable parameter expressed in Equation 
(3.19) were recorded and listed in Table 3.6 for the eight sample surfaces. 
m
V
s iii
1
                                   (3.19) 
where, m is the number of laboratory observations; n is the number of adjustable 
parameters;
2/1)( ii
t
ii QJJV ; J is the Jacobian matrix of a m×n matrix M, the function 
which maps n parameters into m observations; and Q is a m×m diagonal matrix 
composed of the square of the weight of each observation. 
Parameters with larger sensitivities contribute more to parameter upgrade and 
optimization. The parameters with lowest sensitivities are likely to be temporarily held in 
the optimization iteration of PEST. This can explain that all pKcat of eight sample surfaces 
do not change after the completion of optimization process due to its low sensitivity. It is 
important to mention that pKa1 and pKa2 were tied together in the optimization process. 
The parent parameter is pKa1 and pKa2 is the tried parameter. Sensitivity analysis showed 
that pKa1 always has the highest sensitivity among adjustable parameters of TLM. 
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Table 3.6 Sensitivity of adjustable parameters in TLM upon the completion of 
optimization process 
Sensitivity for Yb 
Sample sites pKa1 pKcat pKan 
Inner 
Capacitance 
UE18R2228 Fracture 8.002 0.000 5.199E-04 3.683E-03 
UE18R2228 Matrix 8.507 0.000 6.368E-04 2.604E-03 
UE20C2908 Matrix 4.702 0.000 3.880E-04 1.331E-02 
UE20C2855 Matrix 8.271 0.000 1.500E-03 1.669E-02 
UE20C2855 Fracture 4.290 0.000 8.403E-04 2.422E-17 
PM-14823 Matrix 5.856 0.000 1.213E-03 1.443E-02 
PM-1-4823 Fracture 4.850 0.000 4.419E-03 6.379E-03 
PM-2-4177 Matrix 0.354 0.000 0.000 0.000 
Sensitivity for Eu 
Sample sites pKa1 pKcat pKan 
Inner 
Capacitance 
UE18R2228 Fracture 3.518 0.000 3.676E-04 0.000 
UE18R2228 Matrix 7.680 0.000 5.155E-04 5.102E-03 
UE20C2908 Matrix 5.878 0.000 0.000 2.976E-02 
UE20C2855 Matrix 2.248 0.000 5.199E-04 4.464E-03 
UE20C2855 Fracture 3.097 0.000 7.353E-04 2.305E-17 
PM-14823 Matrix 1.951 0.000 2.604E-04 5.208E-03 
PM-1-4823 Fracture 4.962 0.000 9.707E-04 1.378E-02 
PM-2-4177 Matrix 1.746 0.000 0.000 7.366E-03 
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3.3.3.2 Justification of the Optimized Parameters 
There might be nonunique fits to experimental adsorption data, and the parameter 
values of SCM are imperfectly known. Justification of parameters of TLM was 
conducted after optimization to further reduce the uncertainty of parameter estimation. As 
mentioned above, sample rocks are mainly composed of quartz and feldspar with a very 
close ratio of these two minerals. As we know, quartz and feldspar are the most common 
minerals on the earth’s crust. Quartz is always composed of SiO2 in spite of existing 
different varieties and structures. Feldspar is silicates of aluminum mainly including three 
types: Orthoclase (KAlSi3O8), Albite (NaAlSi3O8) and Anorthite (CaAl2Si2O8).   
Adsorptions on Quartz and Feldspar have been investigated in previous research, 
providing valuable information as reference. Discrepancy with the reported values in 
literature may provide clues to the reasonability of derived parameters to some extent. 
The smaller the discrepancy, the more acceptable are the parameters. Table 3.7 lists some 
surface complexation constants consistent to TLM adverting to wide ranges of ion 
strength for quartz and feldspar in literatures. The protonation constants and association 
constants of sample rocks are between those of quartz and silicate in Table 3.7. This can 
be explained by the mineralogy of sample rocks being mainly composed of quartz and 
feldspar. 
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Table 3.7 Literature values of TLM parameters in previous research 
Solid Electrolyte pKa1 pKa2 pKcat pKan 
Inner 
Capacitance 
(Fm
-2
) 
Magnetite (Fe3O4 : 
96%; SiO2: 2.4%)
a
 
 
  
-6.43 
XOHEu
3+
 
14.87 
XOEu(OH)
2
 
 
Synthetic Hematite 
(Fe2O3: 99%)
b
 
 
-9.81 6.38 
-5.6 
XOHYb
3+
 
  
Quartz (SiO2: 99.9%)
 
c
 
 
 5.62    
Natural sediment (Si: 
29.53%)
d
 
 
    1.6 
Quartz
 e
 NaCl -4.83 1.64   0.97 
Quartz
f
 NaCl     1.00 
Quartz
f
 CaCl2 -6.2 2.2 - 0.2 0.81 
Quartz
g
 KNO3 -6.2 2.2 0.2 2.0 1.05 
SiO2
h
 NaCl -7.2 2.0 - 6.7 1.40 
Note: % is mass percentage; 
a
 is from Catalette et al., (1998); 
b
 from Marmier et al., (1997); 
c
from Arnold 
et al., (1999); 
d
 from Wen et al., (1998); 
e
 from Criscenti and (1999); 
f
 from Riese (1982); and  
g
from 
Huang (1996).  
  
Research of Tertre et al. (2005) showed that Eu adsorbed onto kaolinite and 
montmorillonite in the form of inner and outer sphere complexes investigated by using 
time resolved laser fluorescence spectroscopy (TRLFS). Ytterbium is adsorbed on rutile 
in the form of tetranuclear species and possibly two to four coexisting cations hydrolysis 
states according to X-ray results of Piasecki and Sverjensky’s research (2008). These 
spectroscopic results are consistent with Yb and Eu complexes and the stoichiometry of 
reactions constrained in Equations (3.1)-(3.18). 
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3.3.4 Calculation of Distribution Coefficients with the Laboratory-derived Surface 
Complexation Model 
The research of Sauve et al., (2000) showed that most of the variability in the 
distribution coefficient, Kd, up to several orders of magnitude, are attributed to pH. A 
dramatic change in distribution coefficient of Yb was observed around at pH 9.0 in Wang 
et al.’s experiments (2000). Estimation of Kd with SCM, can constrain the estimation 
error to dramatically lower level than direct estimation. Having a wide application range 
of ionic strength, the laboratory-derived TLM with the optimized parameters was used to 
simulate adsorption isotherms of Yb and Eu, respectively. Then, an important parameter 
of transport modeling, Kd, was calculated according to simulated adsorption isotherms. 
 
 
Figure 3.6 Variation of the logarithm of distribution coefficient of Yb with pH: (•) 0.01 
mol/l NaNO3; (о) 0.1 mol/l NaNO3; (×) 0.5 mol/l NaNO3; (∆) 1.0 mol/l 
NaNO3; (⁬) 2.0 mol/l NaNO3 (from Wang et al., 2000) 
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Adsorption isotherms were simulated at pH 8.5, 0.1 M of ionic strength, and 25 ºC. 
The reason for selecting the above pH value is that the groundwater typically varies 
around 8 to 9 in the study area. A Langmuir isotherm expressed in Equation (3.20) was 
used for comparison and fitting of distribution coefficients. 
aqud
aqud
CK
CKC
C
1
max
                           (3.20) 
where, C is the adsorbed concentration of the adsorbate; and Cmax is the maximum 
adsorption capacity of the adsorbate; Kd is the distribution coefficient; and Caqu is the 
aqueous concentration of adsorbate at equilibrium. 
For the eight rock surfaces, calculated adsorption isotherms of Yb and Eu were 
compared and shown in Figures 3.7 and 3.8, respectively. The solid lines with various 
markers represent the TLM fit with optimized intrinsic constants. The dash line with 
circle markers stands for Langmuir fit for the averaged adsorption isotherm of all eight 
rock surfaces.  
The fitted averaged distribution coefficient and averaged maximum adsorption 
capacity of Yb are 0.0499 (L/meq) and 32.47 (g Yb
3+
/ g adsorbent); those of Eu are 
0.0525 (L/meq) and 29.91 (g Yb
3+
/ g adsorbent) under the above geochemical condition. 
Calculation results show that Yb is bound to be adsorbed on the volcanic rock surfaces 
equally to Eu under same condition. This is expected because of their very close atom 
mass numbers. The calculated Kd by Langmuir fitting are listed in Table 3.8 for each 
sample rock surface. 
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Figure 3.7 Ytterbium adsorption isotherms on the volcanic rocks at pH=8.5, I=0.1M, and 
T=25ºC. The plot shows a Langmuir adsorption isotherm can averagely fit the 
adsorption of Yb on volcanic rocks.  
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Figure 3.8 Europium adsorption isotherms on the volcanic rocks at pH=8.5, I=0.1M, and 
T=25ºC. The plot shows a Langmuir adsorption isotherm can averagely fit the 
adsorption of Eu on volcanic rocks. 
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Table 3.8 Calculated distribution coefficients of Yb and Eu for each sample rock surface  
Distribution coefficient of Yb 
Sample sites Cmax 
Kd 
g adsorbate/ g adsorbent 
UE18R2228 Fracture 35.3600 0.0476 
UE18R2228 Matrix 33.0910 0.0500 
UE20C2908 Matrix 35.4071 0.0476 
UE20C2855 Matrix 35.0797 0.0480 
UE20C2855 Fracture 35.4206 0.0476 
PM-14823 Matrix 32.2483 0.0511 
PM-1-4823 Fracture 21.6461 0.0616 
PM-2-4177 Matrix 31.4876 0.0519 
Distribution coefficient of Eu 
Sample sites Cmax 
Kd 
g adsorbate/ g adsorbent 
UE18R2228 Fracture 28.1453     0.0554 
UE18R2228 Matrix 22.1932     0.0608 
UE20C2908 Matrix 35.6947     0.0473 
UE20C2855 Matrix 30.5781     0.0528 
UE20C2855 Fracture 28.6578     0.0549 
PM-14823 Matrix 32.4592     0.0508 
PM-1-4823 Fracture 25.4889     0.0580 
PM-2-4177 Matrix 36.1139     0.0468 
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3.4 Conclusions 
The batch reactor experiments were conducted to investigate the adsorption behavior 
of Yb and Eu on volcanic rocks in the YM and NTS area. A synthetic typical 
groundwater of the study area was used in experiments to reflect the real groundwater 
environment. Experimental results show that both adsorptions of Yb and Eu are pH 
dependent and moderately to weakly binding. With increasing pH, the adsorbed uptakes 
of Yb attain a peak plateau around pH of 5 to 6, indicating hydrolysis adsorption 
mechanism at high pH conditions. However, after reaching an adsorption peak, uptakes 
of Eu behaved differently without remaining but reducing. This cannot be explained only 
by hydrolysis adsorption mechanism.  
On the basis of observed adsorption edges of Yb and Eu, two kinds of SCM including 
CCM and TLM were applied to describe the specific adsorption reactions for the eight 
rock surfaces. Through comparison of simulation with CCM, TLM is a more desired 
model to simulate adsorptions of Yb and Eu on volcanic rocks of concern. The reason is 
that TLM is more feasible and capable of counting for weakly binding and ion 
competition than CCM. Simulated adsorption edges with TLM match better with 
observed ones than those of CCM for both of Yb and Eu.  
To reduce uncertainty of estimated parameters in TLM, parameter optimization was 
preformed for protolysis constants, capacitance constant, and surface binding constants 
by linking PEST. Through iteration, the five parameters of TLM were optimized and 
relevant sensitivity analysis was conducted as well. Goodness-of-fit and sensitivity 
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analysis showed that pK1 has the highest sensitivity and pKcat has the lowest sensitivity 
among adjustable parameters of TLM. This provides some insightful information for 
parameter justification of TLM, indicating protonation and association constants may be 
the most concern because of their relatively significant impacts in model fitting. 
Parameter justification was performed by comparing with relevant microscopic and 
spectroscopic researches about quartz and feldspar, main compositions of sample rocks. 
It can be found that the derived surface reaction constants have acceptable differences 
from reported parameter values in literature. Furthermore, spectroscopic results showed 
that Yb and Eu have inner and outer spheres of adsorption mechanism. This is in 
agreement with the adopted surface complexation reactions and simulation results in this 
study. 
The TLM with optimized parameters was used to simulate the adsorption isotherm 
under typical geochemical condition of groundwater in the study area. Consequently, 
distribution coefficients of Yb and Eu were estimated, respectively, by using Langmuir 
isotherm fitting. It can be found that Yb is equally apt to be adsorbed on volcanic rocks 
with respect to Eu because of their similar weight of cations. 
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CHAPTER 4 
TRANSPORT MODELING OF RARE EARTH ELEMENTS (REES) IN THE YUCCA 
MOUNTAIN (YM) AREA 
One of important processes for radionuclides in the saturated zone is the sorption onto 
matrix surfaces in the YM area. However, the sorption reaction is simply accounted for by 
a constant, distribution coefficient, or other empirical adsorption isotherms in most 
practices. In this study, a thermodynamic surface complexation model was coupled with a 
groundwater transport model to simulate adsorption reactions. By doing so, the adsorption 
(retardation) effects on radionuclide transport can be simulated as close as possible to real 
environments. As analogues of trivalent actinides, two rare earth elements (REEs), 
ytterbium (Yb) and europium (Eu) were simulated with a PHAST3D model of the 
site-scale saturated zone of YM, incorporated with a surface complexation model. 
PHAST3D is a versatile three-dimensional multi-component geochemical transport 
simulator, consisted of flow model HST3D and geochemical simulator PHREEQC. The 
experimentally derived surface complexation reaction equations derived from our previous 
research were included in the geochemical input file of PHREEQC. The hydrogeology 
model frame was constructed on different rock types and confining layers. The simulated 
concentration contours showed that adsorption reactions may impede radionuclide 
transport significantly. Additional characteristic information and observations, such as 
tracer testing, borehole log, are needed for model calibration and verification in the future.  
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4.1 Introduction 
Previous studies show that processes important to radionuclide transport in the 
saturated zone are advection, dispersion, diffusion, and sorption and colloid-facilitated 
transport (SNL, 2007). Presently the groundwater model has been a prevalent tool capable 
of simulating complex underground environments. The two kinds of models are different 
in the purposes of study and usages in practice. Usually, the regional model is used to 
evaluate the global response to groundwater withdrawal, estimate the travel time of solute 
transport, and provide boundaries for local groundwater models. The local model is used to 
study a specific area and detailed information of interest. In southern Nevada, most of the 
local models are related to radionuclide transport under YM and NTS. 
Finite element heat and mass transfer code (FEHM) and transport of unsaturated 
groundwater and heat version 2 (TOUGH2) are widely used for performing evaluations of 
YM repository in the past two decades (Arnold et al., 2003; Eddebbarh et al., 2003; 
Robinson et al., 2003; Zyvoloski et al., 2003; Wu et al., 2004; Pan et al., 2004; Liu et al., 
2003; Vrugt et al., 2008; Zhang et a., 2003). Both of them have been modified and 
improved by incorporating into more field measurements and updated hydrogeologic 
characteristics. Although both of them have capability of transport simulation of 
unsaturated and saturated zones, FEHM is more apt to be used for saturated zone and 
TOUGH2 for unsaturated zone. With the enhanced hydrogeologic understanding and 
in-situ experiments of YM groundwater system, FEHM and TOUGH2 have been 
increasingly improved through the calibration and validation. However, the prediction 
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uncertainty of models is still our main concern because of model-based assumptions and 
simplifications. It is well accepted that adsorption is one of important processes of 
radionuclide transport in the YM groundwater. There is no module of surface 
complexation model (SCM) in the existing FEHM and TOUGH2 for describing 
thermodynamic adsorption reactions. A constant, Kd, is used in TOUGH2 to count for the 
adsorbed solutes on the interface between groundwater and solids (Pruess, 1991). Some 
empirical adsorption isotherms are applied in FEHM to reflect adsorption behavior of 
reactants along the groundwater flow path (Birdsell et al., 1995; Zyvoloski et al., 1997; 
Zyvoloski et al., 1999). Actually, adsorption reactions are complicated in the natural 
environment as they are, highly dependent on the chemistry of the solution and solid rock 
surfaces. The Kds and simple isotherms are empirical and sensitive with limitations in 
applications. It is an enigma how much adsorption reactions impacts radionuclide transport 
in the YM groundwater system.  
A thermodynamically related SCM is needed to decipher the retardation of adsorption 
reactions on radionuclide transport in the YM groundwater system. Process-based SCM is 
superior over Kd and empirical adsorption isotherms by closely describing the adsorption 
behaviors of radionuclides in natural circumstances. In previous researches, different 
experiments and numerical modeling were proposed in various application cases or 
practical environments according to specific purposes. Incorporating of a surface 
complexation model into transport model has been investigated and implemented to 
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simulate the realistic configurations of geological media (Goldberg et al., 2008; Montarnal 
et al., 2007; Jacques et al., 2008; Zachara et al., 2007; Graf and Therrien, 2007). Goldberg 
et al. (2008) used a constant capacitance model (CCM) to simulate adsorption of arsenic 
(As) and selenium (Se) on soils around ash disposal. In addition, the anion surface 
complexation constant was optimized and coupled into transport model to predict the 
attenuation of As and Se in various geochemical conditions. Montarnal et al. (2007) 
incorporated various chemical codes into flow codes in order to assess validation of 
numerical tools in prediction of radionuclide transport. Chemical models used in this 
research are PHREEQC and CHESS, while flow models combined are CAST3M, MT3D 
and TRACES. Different combinations of chemical and flow modules were applied to 
simulate uranium transport and clay-cement interactions, respectively. Surface 
complexation reaction was included to describe the realistic circumstances. Jacques et al. 
(2008) applied the HP1 multi-component reactive model to simulate the migration of Ca, P 
and U in a field soil. In this case study, surface complexation reactions and cation exchange 
were considered in the interactions between water and solid. The variances of distribution 
coefficients were found more than three orders of magnitude due to change in pH values in 
solution. 
4.2 Evaluation of PHAST3D 
Solute transport will be simulated by combining surface complexation modeling with a 
mountain-scale transport model of YM in this study. The mountain-scale transport model 
is conceptualized on the basis of PHAST3D, a 3-D reactive multi-component geochemical 
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model as well for the simulation of groundwater flow, heat and multi-components reactive 
solute transport (Parkhurst et al., 2004). This model consists of a groundwater flow model, 
HST3D, and a geochemical model, PHREEQC (Parkhurst and Appelo, 2004). The HST3D 
is a program for heat- and solute-transport simulation in a 3-D saturated groundwater 
system with variable density and viscosity (Kipp, 1997). Many geochemical equilibrium 
and kinetic reactions can be simulated with PHREEQC involving aqueous, mineral, gas, 
solid-solution, surface-complexation, and ion-exchange reactions (Parkhurst and Appelo, 
1999). In each time step, the transport of multiple components is firstly solved by using 
HST3D with a finite difference method and reactions in each computational cell is solved 
by using PHREEQC. The transport and reactions are repeated in each transient stress 
period until the simulation is completed (Parkhurst et al., 2004).  
 PHAST3D has versatile capabilities of applications providing convenient options for 
boundary conditions and friendly input/output interface. The evaluation of PHAST3D has 
been conducted with some typical benchmark problems prior to practical applications to 
rare earth element transport in the YM area in this study. Three diverse well-documented 
literature benchmarks were selected in this paper and the simulated results were compared 
with the analytic solutions and/or results of other similar models. For comparison, 
simulation results of some bench marks with PHAST3D were against with those with 
PHT3D, a reactive multicomponent transport model for saturated porous media (Prommer, 
1999). PHT3D is incorporated in the transport model MT3DMS (Zheng and Wang, 1998) 
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and geochemical model, PHREEQC-2 (Parkhurst and Appelo, 1999). PHT3D is able to 
simulate various equilibrium reactions (speciation, cation exchange, dissolution and 
precipitation) and kinetic reactions (biodegrading, dissolution and precipitation) 
(Prommer, 1999). 
4.2.1 One-Dimensional Transport Controlled By Kinetic Reactions 
Firstly, the problem of one-dimensional transport controlled by kinetic biodegradation 
was used as one of benchmarks (Parlange et al., 1984; Essaid and Bekins 1997):  
])ln([ 0
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            0
                                     (4.2) 
where x is the axis of distance, L is the maximum distance between at the inflow and 
outflow boundaries, v is effective velocity, vmax is maximum effective velocity, C is 
solute concentration, C0 is initial concentration at the inflow boundary, and K is half 
saturation concentration. 
The simulated results with PHAST3D and PHT3D were compared with Essaid and 
Bekins’s analytic solution (1997) shown in Figure 4.1. The hydrogeologic and 
geochemical parameters used in this benchmark simulation with PHT3D and PHAST3D 
are listed respectively in Table 4.1. 
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Figure 4.1 Comparison among simulated results of PHT3D (pink circle), simulated 
results of PHAST3D (green triangle) and analytical solutions (blue diamond). 
This plot shows that the simulated results of PHT3D and PHAST3D both 
match with the analytical solutions. 
 
Table 4.1 The parameters used for Parlange et al (1984) and Essaid and Bekins (1997) 
benchmarks  
Parameter Value 
Flow simulation Steady state 
Simulation time 1826days 
Time step 0.25 days 
Model length 150 m 
Grid spacing  1 m 
Effective velocity 0.1 m/day 
Dispersive 0 m 
Inflow concentration 1.0 mmol/l 
Half saturation concentration 0.5 mmol/l 
Maximum effective velocity 4.77×10
-3
/day 
Porosity 0.25 
Note: the simulated results of PHAST3D are lower than those of PHT3D in close area of inflow.  
Single-species transport with Monod-type biodegration 
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4.2.2 Multiple Species Transport with Kinetic, Sequential/Parallel Degradation 
This benchmark (problem with known analytical solutions) is conducted with one 
dimensional transport, associated with physical reactions and chemical reactions 
presented by Sun et al. (1999) with the analytical solution. Physical reactions include 
advection and dispersion, and chemical reactions refer to a series of one-order kinetic, 
sequential degradations of 5 species described as following:  
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where, CA, CB, CC1, CC2, and CC3 are the concentrations of species A, B, C1, C2 and C3 
respectively; yA, yB, yC1, yC2, and yC3 are the stoichiometric coefficients; and kA, kB, kC1, 
kC2, and kC3 are first-order reaction rate constants.  
Also the simulated results with PHT3D and PHAST3D were compared with the 
analytical solutions presented by Sun et al. (1999). The parameters used in the modeling 
are listed in Table 4.2 and the comparison of simulated and analytical results are shown in 
Figure 4.2. 
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Table 4.2 Hydrogeological and geochemical parameters used in Sun et al (1999) 
benchmark  
Parameter Value 
Flow simulation Steady state 
Simulation time 40 days 
Time step Days 
Model length 40 m 
Grid spacing  1 m 
Effective velocity 0.4 m/day 
Dispersive 10 m 
Inflow concentration 1.0 mol/l 
Porosity 1.0 
First order rate constants 
kA, kB, kC, kC2, kC3 
0.2/day, 0.1/day, 0.02/day, 0.02/day, 0.02/day 
Stoichiometric yield 
yA, yB, yC1, yC2, yC3 
0.5, 0.3, 0.2, 0.1, 0.0 
Initial concentration of all species 0.0 
Boundary inflow concentration for species  
A, B, C1, C2, C3 
1.0, 0.0, 0.0, 0.0, 0.0 
 
 
Figure 4.2 Concentration variations of species A with distances based on simulated results 
of PHT3D (blue diamond), simulated results of PHAST3D (pink square) and 
analytical solutions (yellow solid diamond), respectively. This plot shows that 
the simulated results of PHT3D and PHAST3D both match with the analytical 
solutions.  
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4.2.3 Biodegradation  
 In the real environment, the growth and decay of bacteria are involved in different 
kinetic reactions of solutes. Clement (1997) presented benchmarks about complex pH 
dependent bacteria with kinetic reactions. The first order degradation of PCE and 
Monod-type degradation of BTEX under certain conditions of electron-acceptors were 
included in this benchmark. The reaction rate of BTEX-type hydrocarbons are the 
synthetic contributions of the degradations of O2, Fe
2+
, NO
3-
, and CH4. The respective 
degradation rates of the four species are expressed as follows: 
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where, CO2, CFe2+, CNO3-, and CCH4 are the concentrations of oxygen, iron, nitrate and 
methane respectively; KO2, KFe2+,  KNO3, and KCH4 are the half saturation constants for 
oxygen, iron, nitrate and methane respectively; and Kinh,O2, Kinh,Fe2+, and Kinh,NO3 are the 
inhibition constants for oxygen, iron, and sulfate respectively. It must be mentioned that 
the injection well is located at 155×155 m in the simulation domain. 
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 The comparison was done with the modeling results with PHT3D and PHAST3D and 
results for both of the models matched well with analytic solutions.  
 
Table 4.3 Hydrogeological and geochemical parameters used in Clement’s (1997) 
benchmark  
Parameter  Value 
Simulation time 1100 days 
Time step 55 
Model extension 510×310 m 
Grid spacing 10×10 m 
Porosity 0.30 
Hydraulic conductivity 50 m/d 
Aquifer thickness 10 m 
Head difference between inflow/outflow 
boundary 
1 m 
Dispersivity  10 m 
Well injection rate at contamination source 2 m
3
/d 
PCE source concentration   (mol/L)      6.031×10
-3
           
First order rate constants 
kPCE->TCE, kTCE->DCE, kDCE->VC, kVC->ETH 
5.787×10
-8 
/d,   3.472×10
-8 
/d  
2.314×10
-8 
/d,   1.157×10
-8 
/d           
PH Initial  7.0 Inflow     N/A 
Pe Initial  14.0 Inflow     N/A 
Hy_carb    (mol/L) Initial  0.0 Inflow 1.09×10
-2
 
O(0)     (mol/L) Initial  2.5×10
-4
 Inflow      0.0 
N(5)    (mol/L) Initial  3.23×10
-4
 Inflow      0.0 
Fe(2)   (mol/L) Initial  0.0 Inflow      0.0 
S(6)   (mol/L) Initial  1.04×10
-4
 Inflow      0.0 
Meth   (mol/L) Initial     0.0 Inflow      0.0 
Na    (mol/L) Initial  1.0×10
-3
 Inflow  1.0×10
-3
 
Cl    (mol/L) Initial  1.0×10
-3
 Inflow   1.0×10
-3
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The comparison between the calculated results of PHT3D and PHAST3D, and the 
observed data are shown in Figure 4.3. It is obvious that the two models agree well with 
each other and both of them have the function of modeling the compound biodegradation. 
The dependence of the compound biodegradation on the chemical environment including 
the electrical acceptor and donators can be considered in the simulation.  
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Figure 4.3 Comparison of concentration contours between PHAST3D (upper) and PHT3D 
(lower) simulations for hydrocarbon HCO
-
3 (1, 5, 10, 20, and 30 mg/l), and 
dissolved iron Fe
2+
 (2, 8, and 24 mg/l). This plot shows that the simulated 
results of PHT3D and PHAST3D are comparable. 
 
As presented above, simulation results of PHAST3D match well with those of PHT3D. 
In the first two cases, simulation results of these two models are in agreement with the 
analytic solutions. This shows that PHAST3D can be used for simulating solute transport 
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associated with different geochemical reactions. As for the execution efficiency, PHT3D 
and PHAST3D models are on the same level. One limitation of PHT3D is that it is 
unsupportive to surface complexation model (SCM) with respect to PHAST3D. In this 
study, the surface complexation reaction is one of essential processes for REEs migration 
(analogues of trivalent actinides) in the YM groundwater system. Thus, PHAST3D is 
employed to construct the site-scale model for simulating the REEs transport in the YM 
area.  
 Obviously, the reliability of simulated results is highly dependent on the 
hydrogeological and geochemical knowledge. The simplification and description of 
practical cases must be carefully evaluated; otherwise the simulated results may not be 
representative. 
4.3 Methods and Materials 
The evaluation of PHAST3D model demonstrates that this model is reliable in the 
transport simulation by comparing results with analytic solutions and/or results of PHT3D. 
The reliability of simulated results of PHAST3D model could be verified further by 
comparing with the field-measured data if they are available. In this study, the transport 
simulation of REEs was carried out using the PHAST3D to investigate REE transport 
behavior in the YM groundwater system. 
4.3.1 Governing Equations 
PHAST3D can be used in a variety of scales from laboratory experiments, to local and 
regional field scales according to the purpose of research. The governing equations include 
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flow, transport, and geochemical equations, which are solved by operator splitting in a 
sequential way (Parkhurst et al., 2004).  
4.3.1.1 Groundwater Flow Equation 
qhk
t
h
S s
)(
                                         (4.12) 
where, sS  is the storage coefficient (m
-1
); h is the potential head (m), z
g
p
h ; t is the time 
(s);  is the gradient operator for scalar and divergence operator for vectors; k  is the 
hydraulic conductivity (m/s); q is the fluid-source flow rate intensity (m
3
/m
3
-s); p is the 
pressure (Pa); is the water density (kg/m
3
); g is the gravitational acceleration (m/s
2
); 
and, z  is the elevation coordinate (m); and v  is the pore velocity, )( h
k
v . 
4.3.1.2 Solute Transport Equation 
cj
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,,
             
(4.13) 
where, jc  is the total aqueous concentration of components j (mol/L); D  
dispersion-coefficient tensor (m
2
/s); EN  is the number of heterogeneous equilibrium 
reactions; Eejv , is the stoichiometric coefficient of component j in heterogeneous 
equilibrium reaction e; ec  is the concentration of solid reactant e (mol/L); KN  is the 
number of kinetic reactions; Kkjv , is the stoichiometric coefficient of component j in kinetic 
reaction k; kR  is the rate of kinetic reaction k (mol L
-1
s
-1
);  
^
jc  is the total aqueous 
concentration of component j in the source water (mol/L); and Nc  is the number of 
chemical components in the system. 
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 The finite difference method is used to discretize the partial-differential equations and 
boundary conditions. The equations are solved numerically sequentially from the 
groundwater flow equation to solute transport equations for each component. A set of 
nonlinear algebraic chemical-reaction equations are incorporated into solving solute 
transport equations, which count for changes in component concentrations that result from 
equilibrium and kinetic reactions. The surface complexation reactions are coupled into the 
equilibrium reactions of Equation (4.13) and the derived surface complexation coefficients 
are substituted by Eejv ,  to simulate the adsorption behavior of solutes. 
 
 
Figure 4.4 Flowchart of REEs transport modeling driven by the HST3D flow model and 
PHREEQC reaction model 
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4.3.2 Experimentally Derived Surface Complexation Reactions of REEs 
In PHAST3D, the embedded surface complexation model is the constant capacity 
model (CCM) instead of the three-layer model (TLM). Based on our previous adsorption 
study of ytterbium (Yb) and europium (Eu), the experimentally derived surface 
complexation reactions are presented in Equations (3.1)-(3.6). The curve-fitted parameters 
of the surface complexation reactions in CCM are listed in Table 3.3. 
4.4 Numerical Modeling 
4.4.1 Model Description 
A site-scale YM model was conceptualized by extracting model domain and 
hydrogeologic property from the regional DVRFS model (shown in Figure 4.5). The 
simulated hydraulic head, flux of DVRFS model were used for defining the initial and 
boundary conditions for the site-scale model.  
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Figure 4.5 Study areas of region-scale and site-scale model. The blue solid line represents 
the boundary of region-scale model; the small orange solid polygon represents 
the computational domain of site-scale model  
 
 There are twenty five hydrostratigraphic units in four main rock types including 
confining units, basin-fill units (green color), volcanic-rock units (orange and red color), 
and carbonate-rock aquifer (blue and dark color) in the DVRFS model shown in Figure 4.6. 
The vertical exaggeration is approximately 4:1 (Belcher, editor, 2004). 
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Figure 4.6 Vertical north-south and east-west slices in well-calibrated HFM of DVRFS. 
The slice horizontal spacing is 15 km and vertical extension is down to 4km 
below sea level. Volcanic rock is in red or orange color; Tertiary sedimentary 
rocks in green color; Paleozoic carbonate rock in blue color; Paleozoic and 
older siliciclastic and metamorphic rock in dark color (from Belcher, 2004). 
 
 As shown in Figure 4.7, barrier functions of large faults distributed in YM were 
considered in the conceptualization of the mountain-scale model, including Solitario 
Canyon Fault and Ghost Dance Fault. Also, the contaminant source, the burial site for 
high-level nuclear waste was included as a linkage boundary in the model 
conceptualization. Borehole tests show that the repository crosses through several faults, 
which may provide geological barriers or paths for the nuclide migration (Eckhardt, 2000). 
The hydrostratigraphic units are anisotropic by assigning a default ratio of horizontal and 
vertical hydraulic conductivity as 10 given unavailability of field measurements.  
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Figure 4.7 Conceptualization of the site-scale model of YM (including the proposed future 
nuclear waste repository and faults). 
 
In this study, the discretization of the model was set at a lateral spacing interval of 100 
m and vertical varied spacing interval of 10 m, referenced to Zyvoloski et al.’s (2003) 
study. The top elevation of layer 1 (water table) was extracted from the bottom elevation of 
the lowest layer in the TOUGH2 unsaturated model (Wu et al., 2006).   
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Figure 4.8 Oblique view of the conceptual site-scale model consisted of 15 layers extracted 
from DVRFS. Layers 2 to 7 were shown as transparent gap between the yellow 
layer (upper) and the pink layer (lower) in order to show the grids in the two 
layers. 
 
4.4.2 Modeling Approach 
In this study, a base model was used to investigate two scenarios with and without 
surface complexation modeling of REEs adsorption. By comparing the migration of REEs 
under the two scenarios, the impacts of adsorption were quantified by contamination 
plume. The surface complexation was simulated with the CCM embedded in PHREEQC 
using the experimentally derived surface complexation reactions and optimized reaction 
constants.  
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The mountain-scale base model was not calibrated after setting up in this study for few 
reasons. Firstly, the regional-scale model-DVRFS has been keeping calibrated and updated 
since 1997. Secondly, this research was focused on the impact of adsorption other than 
characterizing the appropriate geological and hydrologic property. Thirdly, we do not have 
the access to the extensive field measurements in YM, which require some specific 
requirements.  
4.4.3 Initial and Boundary Conditions 
 For the site-scale saturated model, the water table is taken as the top model boundary, 
which is treated as Dirichlet-type condition with spatially specified head water (shown in 
Figure 4.9). The bottom model boundary was set as no flux boundary at 4000 m below sea 
level. All lateral boundaries were treated as flux boundary, whose values were derived 
from simulation results of DVRFS (Claudia et al., 2004). The extracted flow fluxes for four 
lateral boundaries are listed in Table 4.4. 
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Figure 4.9 Initial hydraulic head (m) distribution at the top model layer. This plot shows the 
initial hydraulic gradient of water table is relatively high at the southwestern 
corner of the computational domain. 
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Table 4.4 Flow flux from the regional model for boundaries (negative flux indicating 
outflow, and positive flux indicating inflow) 
Layer No. 
Flow Flux 
along West 
Boundary 
(m3/day) 
Flow Flux 
along East 
Boundary 
(m3/day) 
Flow Flux 
along North 
Boundary 
(m3/day) 
Flow Flux 
along South 
Boundary 
(m3/day) 
1 862.4073 788.15 1323.11 -1148.99 
2 709.3697 716.7 1400.13 -1148.87 
3 517.9393 656.91 1356.77 -1175.15 
4 1053.555 1203.86 2869.62 -2486.62 
5 290.7644 1057.78 2924.23 -2635.09 
6 -45.8554 1176.68 2926.04 -2642.84 
7 -46.601 1102.65 2869.65 -2463.49 
8 -222.438 1165.09 1955.32 -2131.55 
9 -389.051 1202.45 1712.3 -1799.37 
10 -670.784 1159.95 1729.24 -1954.97 
 11 -1055.9 1530.64 2202.42 -2056.64 
12 -1588.66 1727.95 149.53 -3527.18 
13 -1980.73 1397.15 1.85 -3639.85 
14 -2350.96 1456.68 1.63 -2554.99 
15 -1181.9 1736.04 2.00 -4038.08 
 
 The future repository site was treated as a leakage boundary (source/sink terms). The 
water table might be recharged by infiltration or leakage from the unsaturated zone where 
the burial site is located. The infiltration rate was assigned as 1.25 mm/year according to 
Wu et al’s research (2006). 
4.4.4 Model Parameters 
Input parameters including hydraulic conductivity, storage, and porosity are extracted 
from those of the YM area in the DVRFS model. The extracted parameter values for 22 
zones (including horizontal-flow barriers) are listed in Table 4.5. 
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Table 4.5 Hydraulic property parameters of model sub-zones 
Zone No. 
Hydraulic 
conductivity 
(m/d) 
Anisotropy 
Factor  
Storage Porosity 
1 1.5 5000 1.0×10
-5
 0.25 
2 3 5000 5.0×10
-5
 0.25 
3 0.1 1 0 0.20 
4 0.06 5000 0 0.15 
5 0.01 1 0 0.15 
6 0.02 1 0 0.15 
7 0.2 3 0 0.20 
8 0.3 3 0 0.20 
9 0.05 1 0 0.15 
10 0.4 3 0 0.20 
 11 0.3 3 0 0.20 
12 0.004 1 0 0.15 
13 0.01 1.26 7.0×10
-8
 0.15 
14 0.002 1.267 0 0.15 
15 0.1 5000 7.0×10
-8
 0.20 
16 0.00002 
00002 
1.26 7.0×10
-8
 0.15 
17 4.45×10
-5
 1 0 0.30 
18 4.45×10
-5
 1 0 0.30 
19 4.45×10
-5
 1 0 0.30 
20 4.45×10
-5
 1 0 0.30 
21 4.45×10
-5
 1 0 0.30 
22 4.45×10
-5
 1 0 0.30 
 
According to the estimation of Claudia et al. (2004), a longitudinal dispersivity of 10 
m and a horizontal dispersivity of 3 m were applied to entire simulation domain, which 
may be improved once reliable measured values become available. The model calibration 
was not conducted because: 1) all the model parameters were extracted from 
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well-calibrated DVRFS model or site-scale TOUGH2 model; 2) the main research 
objective was to investigate the impacts of adsorption reactions on the solute transport 
instead of characterizing fluid flow in YM area; 3) model calibration needs extensive 
field measurements in YM. 
4.5 Flow Pattern and Analyses 
Groundwater flow and solute transport are simulated with the PHAST3D model to 
study the adsorption behavior of REEs in the YM area. Specifically, the transport 
simulation was conducted to investigate the differences between concentration contours 
of REEs under two conditions with and without surface complexation modeling (SCM). 
In this study, the studied REES were ytterbium (Yb) and europium (Eu) previously 
examined with batch reactor experiments and SCM. 
4.5.1 Groundwater Flow Simulation 
In this study, the flow simulation was conducted at steady state based on the extracted 
boundary and initial conditions from regional DVRFS and mountain-scale TOUGH2. But 
the transport simulation was conducted at a transient state using some stress periods to 
predict the designed safe storage period for nuclear wastes.  
After the steady-state simulation, the hydraulic heads were obtained (shown in Figure 
4.10). Relatively high hydraulic heads were found at the area close to the west and north 
boundaries (in red color contour). The flow direction of groundwater is mainly from the 
northwestern to southeastern in the study area accompanying with some local complex 
flows. 
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Figure 4.10 Simulated hydraulic heads (m) of the top four layers in steady state: (A) the 
first layer; (B) the second layer; (C) the third layer; (D) the fourth layer. This 
plot shows that water mostly moves faster at upper layers than at lower layers.
 
Under the same color scale and linear interval (Figure 4.10), the hydraulic head 
gradient became flatter with the increasing depth from the top ground. 
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In Figure 4.11, the length of the arrow is proportional to the magnitude of the velocity 
vector. The normalized fluxes rates ranged from 0.0 m/day to 0.044 m/day (mean value 
0.0008 m/day, median value 0.00011 m/day) in the simulation at steady state. Mostly, the 
maximum flux usually occurred around the east boundary, and the second maximum flux 
occurred around the west boundary of the study area.  
 
 
Figure 4.11 Simulated flux rates in the steady state. This plot shows that the high flux 
occurred around the east and the west boundary of the study area. 
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Sensitivity analysis can help us evaluate how much the prediction uncertainty could 
have resulted from the variation of the model parameters. By linking PEST with the 
mountain-scale model, a preliminary sensitivity analysis was conducted. The simulated 
flow field didn’t significantly change if the field measured hydraulic conductivities were 
quite few. So a comprehensive sensitivity analysis requires abundant good-quality field 
observations to investigate the model’s response to changes in parameters. In this study, 
sensitivity analysis was ignored by assuming that the extracted mountain-scale model can 
properly characterize the hydrogeology of the YM area. If not, the results of modeling 
will be impaired and unreliable because of large uncertainties.   
4.5.2 Transport Modeling 
Transport simulations with SCM and without sorption were conducted for ytterbium 
and europium, respectively. Comparison between simulation results of the two scenarios 
can provide insight on retardation effects of the studied groundwater system.  
4.5.2.1 Transport modeling with SCM 
In order to reduce the uncertainty of prediction, the curve-fitted parameters of the 
surface complexation reactions (listed in Table 3.3) in CCM were optimized using PEST. 
The optimized reactions parameters are listed in Table 4.6 as follows: 
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Table 4.6 Optimized intrinsic surface complexation constants of CCM  
Yb 
Sample Site pKa1 pKa2 pKcat pKan 
Capacitance 
(Fm
-2
) 
UE18R2228 Fracture -6.800 3.800 -8.500 8.500 0.700 
UE18R2228 Matrix -6.621 3.700 -8.500 8.500 0.700 
UE20C2908 Matrix -6.800 3.800 -8.500 8.500 0.700 
UE20C2855 Matrix -6.575 3.675 -8.500 8.510 0.700 
UE20C2855 Fracture -6.580 3.677 -8.500 8.500 0.700 
PM-1-4823 Matrix -6.592 3.684 -8.500 8.500 0.700 
PM-1-4823 Fracture -6.655 3.719 -8.500 8.500 0.700 
PM-2-4177 Matrix -6.582 3.678 -8.500 8.500 0.700 
Eu 
Sample Site pKa1 pKa2 pKcat pKan 
Capacitance 
(Fm
-2
) 
UE18R2228 Fracture -6.800 3.800 -8.500 8.500 0.700 
UE18R2228 Matrix -6.800 3.800 -8.500 8.500 0.700 
UE20C2908 Matrix -6.342 3.544 -8.500 8.500 0.700 
UE20C2855 Matrix -6.800 3.800 -8.500 8.500 0.700 
UE20C2855 Fracture -6.661 3.722 -8.500 8.592 0.700 
PM-1-4823 Matrix -6.615 3.367 -8.500 8.500 0.700 
PM-1-4823 Fracture -6.627 3.703 -8.500 8.500 0.700 
PM-2-4177 Matrix -6.538 3.654 -8.500 8.500 0.700 
   
The parameters of adsorption reactions were quite close among the eight volcanic 
rock samples because of their similar mineralogy and surface area. Averaged values of 
the eight samples were used for the type of volcanic rocks in the mountain-scale model. 
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There were no experimentally derived adsorption reactions for the basin-fill alluvium and 
carbonate rocks. The averaged reaction parameters of volcanic rocks were applied to the 
other two rock types by adding them in the thermodynamic database file. There are two 
main reasons for doing so: 1) the chemical reactions defined in the thermodynamic 
database and chemical input file are universally applicable to all the computational grids; 
and 2) volcanic rocks play a very important role in the nuclide transport in the YM area. 
 In the chemical input file, the composition of the groundwater solution was defined 
in Table 4.7: 
 
Table 4.7 Concentrations of groundwater used in transport simulation (Hershey and 
Acheampong, 1997) 
 Major ion concentration 
(mg/L) 
 
 
pH Species Cl
-
 SO4
2-
 HCO3
-
 Ca
2+
 Mg
2+
 Na
+
 
Concentration 29.9 36.5 291 44.5 19.6 64.6 7.4 
 
Transport simulations were run to some certain time in the future under the 
groundwater steady flow condition. It was assumed that contaminant sources of Yb and 
Eu were located inside the leaky boundary (underneath the future repository site) on the 
first top lay of the mountain-scale model. The contaminant source has a constant 
concentration of Yb at 10
-3
 mmol/L and Eu at 10
-4
 mmol/L at the beginning of the 
simulation, respectively. The initial concentrations of Yb and Eu were same with those of 
previous batch reactor experiments conducted for deriving key adsorption reactions and 
related parameters.  
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Longer predicting into future, more extensive computer power is needed such as 
parallel computing. Given the unavailability of computer cluster, total simulation 
duration of 100 years was selected in transport simulation of Yb and Eu. The simulated 
horizontal and vertical concentration contours of Yb were shown in Figures 4.12- 4.13.  
 
 
 
Figure 4.12 Concentration contour of Yb at (a) 25 years; (b) 50 years; (c) 75 years; and 
(d) 100 years 
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Figure 4. 13 Concentration profile of Yb in N-S vertical cross section at (A) 25 years; (B) 
50 years; (C) 75 years; and (D) 100 years 
 
The simulated horizontal concentration contours of Eu were shown in Figure 4.14. As 
expected, the behaviors of Yb and Eu were pretty similar in groundwater except one 
magnitude of concentration difference caused by one magnitude of difference in initial 
concentrations of the two REEs (Yb at 10
-3
 mmol/L and Eu at 10
-4
 mmol/L). There are 
three reasons for that: (1) same hydrologic and chemical conditions were used in the 
transport simulation; (2) the surface complexation reactions were similar in CCM; and (3) 
parameters in CCM were quite similar after optimization.  
Calculated concentrations of Yb and Eu with SCM at 100 m and 500 m downstream 
of the contaminant source (Southeastern) are listed in Table 4.8. 
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Figure 4.14 Concentration contour of Eu at (a) 25 years; (b) 50 years; (c) 75 years; and 
(d) 100 years 
 
Table 4.8 Concentrations of calculated Yb and Eu with SCM at 100 m and 500 m 
downstream of the contaminant source (Southeastern) 
Time Interval 
Location 
Yb Concentration (10
-3
 mmol/L) 
25 years 50 years 75 years 100 years 
100 m downstream  
1.010 1.020 1.030 1.039 
500 m downstream  0.0008 0.0023 0.0029 0.0038 
 
Eu Concentration (10
-4
 mmol/L) 
100 m downstream  
1.016 1.032 1.049 1.047 
500 m downstream  
0.0007 0.0022 0.0026 0.0036 
 
The simulation results showed that the transport of Yb and Eu were highly similar 
because of pretty close chemical characteristics, derived adsorption reactions and 
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intrinsic surface complexation constants. Minor differences between these two REEs has 
been largely dampened by the slow and steady groundwater flow. This might suggest that 
REEs fractionation and migrates in similar way along groundwater flow paths. 
4.5.2.1 Transport modeling without SCM 
For the case without SCM, Yb was simulated as a reactive tracer without adsorption 
in transport. Transport of Eu was not conducted without SCM because of the similarity 
between Yb and Eu. The SURFACE_SPECIES and SURFACE data blocks were 
removed from the chemical input file of PHAST3D in order to discount surface 
complexation reactions. 
 
 
 
Figure 4.15 Simulated concentration contour of Yb without SCM at (a) 25 years; (b) 50 
years; (c) 75 years; and (d) 100 years 
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The simulated Yb concentrations contours are shown in Figure 4.15 for 25 eyars, 50 
years, 75 years and 100 years, respectively. Also the simulated Yb concentrations in 
different time intervals were listed in Table 4.9 for two imaginary observation cross 
sections. As we know, the laboratory batch reactor experiment largely accelerates the 
reaction rate with respect to the actual environments. There is no well-developed method 
to convert experimental results to field conditions. The retardation of solute transport was 
certainly overestimated by using the experimentally derived intrinsic surface 
complexation constants. These laboratory-derived adsorption constants might be adjusted 
by comparing with the field-measured Kd. However, many unverified assumptions have 
to be made for the adjustment.  
Through curve fitting laboratory adsorption envelopes with the Langmuir isotherm, 
the derived Kds are about several hundred times of field-measured ones. Here is a method 
proposed to convert experimentally derived adsorption results to field environments by 
making certain assumption. For example, we assumed that the experimentally fitted Kd 
was overestimated by 100 times leading to a reasonable field Kd of Yb is 0.0005068. So 
the Kd was transformed to equilibrium constants for surface species in such a way that 
linear sorption is simulated accurately: 
23 YbXOYbXO                                (4.20) 
 
)()()()( 32int XOLogYbLogYbXOLogKLog cat                  (4.21) 
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If Kd is 0.0005068, and the number of surface sites is 10
10
 moles, the equilibrium 
constant can be obtained by substituting Equation (4.20): 
 295.13intint 1010)()( catcatd KKLogKLog                   (4.22)                         
 
Then the equilibrium constant was implemented in the chemical data file to simulate 
the adsorption reactions equivalent to the linear adsorption effect of a Kd =0.0005068. 
 
Table 4.9 Concentrations of calculated Yb without SCM and with an equivalent SCM at 
imaginary observation cross sections 
Time Interval 
               
Location 
Without SCM (sorption) 
Yb Concentration (10
-3
 mmol/L) 
25 years 50 years 75 years 100 years 
100 m downstream  
1.283 1.555 1.827 2.088 
500 m downstream  
0.218 0.621 0.774 1.024 
 
An equivalent SCM (Kd=5.068×10
-4
, conversion from lab to field)   
Yb Concentration (10
-3
 mmol/L) 
100 m downstream  
1.091 1.162 1.233 1.421 
500 m downstream  
0.072 0.212 0.307 0.337 
 
As demonstrated above, the surface complexation modeling is important in the solute 
transport in the YM area. How to describe and simulate the retardation needs more effort 
and further study. 
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4.6 Summary and Conclusions 
This study was conducted to simulate REEs transport using a 3-D mountain-scale 
saturated flow model, developed for investigating the retardation effects of surface 
complexation reactions. Simulation results showed that the adsorption behaviors of Yb 
and Eu are quite similar in having close equilibrium constants in SCM and similar 
simulated contaminant plumes (contours). The REEs transport could be considerably 
retarded due to adsorption using surface complexation modeling. So far, only CCM and 
diffusion-layer model (DLM) have been embedded in some groundwater flow models. 
Efforts of TLM embeding are an absolute necessity to describe ion competition and weak 
binding in a variety of solutions. However, how to convert obtained results from 
laboratory scale to field scale is still not well resolved because of the complexity of 
nature and imperfect knowledge. Additionally, the fact that not only a single set of 
stoichiometric coefficients yield best fit experimental adsorption results may cause a 
non-negligible uncertainty.  
In summary, this study showed a significant impact of adsorption reactions on REEs 
transport in the groundwater system in the YM area. The mountain-scale model needs to 
be calibrated and verified once extensive field measurements are available in order to 
generate more realistic and reasonable simulations. 
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CHAPTER 5 
CONCLUSIONS 
This dissertation mainly focuses on the flow and solute transport in the YM and NTS 
area in the Southern Nevada. Three studies were presented which include leaching of trace 
elements (including some of REEs), adsorption behavior and simulation of Yb and Eu, and 
numerical simulation of REEs transport in the YM groundwater system.  
The first study (Chapter 2) addressed the impacts of geochemical and mineralogical 
factors on the leaching of trace elements in the study area. Four studied factors are host 
rock, pH values, grain size, and leaching duration. Based on the experiment analysis, it was 
found that the concentrations of trace elements in the leached solution are directly 
proportional to the abundance of trace elements in the bulk rock samples. The Bonanza 
King Formation showed less leachablility than the Toroweap Formation and Surprise 
Formation. With respect to the other formations, the Bonanza King Formation has a long 
diagenetic history, contains some stable minerals and some secondary minerals in fractures 
which may cause decreased leachability of trace elements. Different ranges of pH could 
affect the solubility of trace elements and saturation indices. Previous research showed that 
the leaching solution from the Surprise Formation contained higher concentrations of 
REEs than that from the Bonanza King Formation. Geochemical calculation also showed 
that leachates from the Bonanza King Formation had lower saturation indices. However, 
leached trace elements showed a positive general trend with a longer duration of leaching, 
despite the existence of incongruent dissolution. The concentrations of the leached trace 
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elements were obviously attenuated with increasing grain size. The influences of grain 
size, leaching time, and pH value were difficult to compare because these factors are 
measured with different and unconvertible units. Leaching experiments provided 
preliminary datasets for the conceptual model that quantified the fraction of trace elements 
released from the host rock, which is very useful for tracing sources. Based on some 
assumptions, the derived leaching fractions were used in the fraction conceptual model to 
estimate the extra addition of U to groundwater due to rainfall infiltrating through aquifer 
rocks.  
The second study (Chapter 3) addresses the adsorption of REEs onto the volcanic 
rocks using an integrated method of experiment and numerical modeling. Based on the 
results of batch reactor experiments, CCM and TLM were deployed to describe the 
adsorption reactions and estimate the associated reaction constants. The ybtterbium and 
europium showed pH dependent adsorption behaviors and moderately to weakly binding. 
Through comparison, TLM provided a better fit with experiments than CCM at expense 
of more model parameters. TLM is capable of counting for weakly binding and ion 
competition as CCM is not. Protolysis constants, capacitance constant, and surface 
binding constants were optimized by using the PEST. The sensitivity analysis showed 
that pK1 has the highest sensitivity and pKcat has the lowest sensitivity among adjustable 
parameters of TLM. Thus, the estimation of protonation and association constants needs 
to be carefully examined when using TLM. The derived Kds of Yb and Eu through 
Langmuir isotherm fitting were quite close. The adsorption of Yb and Eu may be 
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amplified by hundreds times as compared to these under a laboratory condition.  
The third study (Chapter 4) focused on the implementation of a local-scale 3D model to 
investigate the retardation of REEs in the YM groundwater system. The PHAST3D was 
selected in this study because of its embedded SCM. The local-scale model was extracted 
mainly from a well-calibrated regional-scale model, DVRFS. Two scenarios were 
simulated for Yb and Eu: one is reactive solute transport with SCM; and another is reactive 
solute transport without SCM. The comparison between simulated concentrations at 
observation points showed that adsorption reaction considerably attenuate the simulated 
concentrations of REEs. Based on certain assumptions, the experimentally derived 
equilibrium constants were transformed to these for a field condition. The simulated 
concentrations of REEs were still significantly less than those without adsorption 
reactions. The study showed the important role of adsorption in the REEs transport in the 
YM area.  
 Some additional recommendations are included here for future studies: 
a. The adsorption behaviors of Yb and Eu needs more and further investigation, 
especially on the determination, optimization, and justification of reaction 
parameters; 
b. REEs could be considerably retarded due to adsorption, which could be better 
simulated using the surface complexation model to consider associated 
thermodynamic geochemical reactions instead of a simple lumped distribution 
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coefficient. However, the conversion from laboratory scale to field scale is still not 
a well-resolved problem; 
c. Not a single set of stoichiometric coefficients can fit laboratory adsorption results. 
How to estimate the uncertainty of stoichiometric coefficients in SCM in curve 
fitting adsorption envelope or isotherm is still a crucial issue;  
d. The mountain-scale model needs to be calibrated and verified using extensive field 
measurements before being applied to produce more realistic and reasonable 
simulations. 
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